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PREFACE 

This document was prepared under an IDA Central Research Project (CRP) 

entitled Airglow Effects in Night Sky. 
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THE LIGHT OF THE NIGHT SKY: EXTENDING THE SPECTRAL 
INTERVAL FOR MILITARY NIGHT VISION DEVICES 

BACKGROUND 

Night vision technology falls into two rather broad classes: (1) visible and very 

short infrared and (2) middle and far infrared. The first is accessible using photoemissive 

technology; the second is accessible usually with cryogenic means. 

With photoemissive technology the limits have always been the spectral response 

of uncooled photoemissive materials, the best of which recently has been gallium 

arsenide, which can be useful at wavelengths out to about 0.9 um. 

There are, however, four sources of radiation from the night sky that extend much 

farther into longer wavelengths: moonlight, that from the Meinel Bands, scattered and 

direct radiation from stars, and galactic radiation from space. 

Moonlight, the most important of the four sources, is solar radiation reflected 

from the lunar surface. This, of course, is very dependent upon the relative positions of 

Earth, the Sun, and the Moon. The next most important source in the visible and near- 

infrared is that from the Meinel Bands due to recombinations of the hydrogen and 

hydroxyl ions dissociated by sunlight during the daylight hours. The third most important 

source is the scattered and direct radiation from stars. The least important source is the 

galactic radiation from space. 

Within the Army, there currently is a significant interest in utilizing the radiation 

in the Meinel bands between 1 and 2 urn, a region beyond the easily used technology for 

night vision goggles and other devices based upon image-intensifier technology. This 

radiation, the major source of what is often called airglow, was of major academic 

interest to astrophysicists in the 1960s and 1970s. I personally had studied the feasibility 

of using the longer wavelength portions of airglow, and had reported my findings in an 

IDA publication which seems to have been lost—a thorough search had failed to find any 

record of that work. An IDA colleague recalls the work and the subsequent discussions 

with the Night Vision Laboratory perhaps a decade or so ago, but the hard details and 

references are all lost. 



That work of mine concerned only the irradiance from hydroxyl recombinations, 

but did not consider galactic or starlight contributions. 

In a recent lecture series given at the Night Vision Laboratory, this whole topic 

was raised again as a proposed study and development project by that research staff. 

Thus, in the early fall of 1999,1 proposed to conduct a thorough literature search, 

using the assistance of the IDA research librarians and the forward-search capabilities of 

the Science citation index, in order to establish a credible basis for pursuing or 

abandoning such an effort to employ the light of the night sky out to a wavelength 

approaching 2 (im. 

The Science and Technology division then established a small program to support 

such a review under the sponsorship of the STD central research program. This note is 

the result of that review. 

IMAGE-INTENSIFIER HISTORY 

In 1936 Barthelemy and Lethine obtained French Patent #802244 for a light 

amplifier. Unfortunately, the state of photocathode and phosphor technology was such 

that the overall gain of their device was less than 1, although the concept was sound. The 

state of cathodes improved to a point that image intensifiers, with the early cathodes and 

with the aid of near-infrared illuminators, could provide a useful if limited means for 

extending the range of such devices for seeing at night. In time the state of photocathode 

performance improved dramatically, to a point that passive image intensifiers for night 

vision operating solely with the irradiance available naturally at night (i.e., without 

artificial illuminators) became a very real and useful tool and were provided to the troops 

in the war in South Vietnam. 

Usually, the source of illumination was primarily that of moonlight coupled with 

the emissions from the night sky. These emission were at first believed by the developers 

of such equipment to be from starlight, and some such devices were called "starlight- 

scopes." In actuality, the sources of night sky emissions were many: extragalactic 

background light, diffuse galactic light, zodiacal light, integrated starlight, and airglow. 

More recently, some of the developers of intensifiers became aware of the 

increasing amount of light from airglow at wavelengths considerably beyond the limits of 

red sensitivity of the current generation of photocathodes, and they have proposed again 

to utilize these emissions for enhanced image-intensifier performance, especially on 

moonless nights. 



It is the purpose of this note to provide some insight into the data available with 

which to examine the feasibility of such developments. To make a design decision one 

must consider four quite distinct topics: 

• the source of natural night sky emissions, 

• the atmospheric transmission from the source of those emissions from very 
high altitudes or space, 

• the contrast due to the differential reflection of target and its background, and 

• the available detectors for such radiation and their probable need for 
cryogentic cooling. 

This note will consider only the first of the above four topics, leaving the 

designers to investigate the second item through application of such computer programs 

for atmospheric transmission as PCModWTN and PCLnWIN. 

In most cases (based upon size, weight, and cost, including that of possibly 

needed cryogenics), the choice of detectors will determine how much spectral bandwidth 

is feasible. 

THE DATA 

The astronomical observation of the heavens is complicated by the multiplicity of 

light sources, both diffuse and point source. For this reason, as well as their interest in the 

physics of the source of radiation, astronomers have devoted considerable effort in the 

pursuit of such data and its understanding. 

One early significant review of such topics is the text by Mitra1 written in 1952 at 

the Institute of Radio Physics and Electronics at the University College of Science, 

Calcutta. 

Two figures from the Mitra book—the first originally by Elvey, the second by 

Roach and Pettit—are shown below. These show the variations in the light of the night 

sky during a single night (Fig. 1) or from night to night (Fig. 2). 

A somewhat later general review is that written by F. E. Roach at the Hawaii 

Institute of Geophysics, University of Hawaii.2 

1 Mitra, S. K., The Upper Atmosphere, Calcutta, 1952. 
2 Roach, F. E., "The Light of the Night Sky: Astronomical, Interplanetary, and Geophysical," Space 

Science Review, 3, April 1964, pp. 512-540. 
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Figure 1. Variations in the Light of the Night Sky (single night) 

Interesting as this data might be, its collection was limited by the only good 
photocells available then—the S-10 photocathode. These had very, very limited red 
sensitivity, and data obtained with them were labeled "S-10" or "Vis" data. 

Some pioneering work in determining the longer wavelength emissions was 
greatly accelerated by the work of H. P. Gush and Valance Jones in their paper "Infrared 

Spectrum of the Night Sky from 1.0 to 2.0 Microns."3 Figures 3 and 4 indicate two 

important sets of data from that paper. 

3 Gush, H.P., and Valance Jones, "Infrared Spectrum of the Night Sky from 1.0 to 2.0 Microns," Journal 
of Astronomical and Terrestrial Physics, 7, 1955, pp. 285-291. See also Noxon, J. F., A.W. Harrison, 
and A. Vallance Jones, "The Infra-red Spectrum of the Night Sky Airglow from 1.4 (A to 4.0 \i, Journal 
of Atmospheric and Terrestrial Physics, 14, 1959, pp. 245-251. 
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Figure 2. Variations in the Light of the Night Sky (from night to night) 
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Figure 4. From Gush and Jones, Figure 4, p. 288 

It must be noted here that data from Gush and Jones (Figs. 3 and 4), and that of 

Hohn and Maffeo (Figs. 5-7) are averaged over a number of observations, since the 

variations between observations is very significant. For that reason, in reviewing the data, 

I have little reason to believe the data was obtained in any single observation. 

Unfortunately, even at that time, the details of the atmospheric extinction 

coefficient and the programs for computing such effects upon the emission sensed on 

Earth or measured from rockets and balloons and then extrapolated to the irradiance at 

Earth's surface were less than reliable. It was not until the 1990s that a great deal of 

confidence could be given to such computations. Currently, two major programs are 

available for such work: PCModWIN and the PCLnWIN programs developed under 

Phillips Laboratory (USAF) and published by the Ontar Corporation. 

In 1967, Hohn and Maffeo measured the irradiance from the night sky in the 

mountains of central Europe and reported their finding, typified by the three figures 

below from "Spectrale Strahldichte des Klaren und des bedeckten nachthimmels im 

wellenlangenbereich von 0.5 bis 1.1 um."4 a translation of which is included in the 

appendices. 

Hohn  and  Maffeo,   "Spectrale   Strahldichte   des  Klaren  und  des  bedeckten   nachthimmels   im 
wellenlangenbereich von 0.5 bis 1.1 um," Infrared Physic, 7, 1967, pp. 221-245 
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Figure 7. Spectral Radiance of Night Sky. See discussion in translation (Appendix B). 

In 1998 the International Astronomical Union published "The 1997 Reference of 

Diffuse Night Sky Brightness."5 

It was clear that the findings of this compilation, both scholarly and extensive in 

its coverage, make unnecessary any further review by me of modern literature on the 

subject of the light of the_night sky. 

COMMENTS AND OPINIONS 

In the light of the completeness of IAU compilation, it may seem that the material 

supplied from other sources may appear unnecessary. The additional material I provide, 

however, shows two things: 

5     Leinert, C, et al., "The 1997 Reference of Diffuse Night Sky Brightness," in Astronomy and 
Astrophysics Supplement, Series 127, pp. 1-99, 1998. 



• the variability that may be expected in the emissions from the night sky and 

• the broadband broader area data measured from larger regions of the 
heavens, rather than just a minute or so of arc surrounding a star. 

The data from much of the astronomical collection is concerned with the 

brightness of 1 square second of sky surrounding a star of interest, while the designer of 

intensifiers for night vision applications is interested in how much total irradiance in a 

given broadbrand from the total sky he may be able to use. 

The three appendices to this note include a copy of the IAU report (Appendix A), 

a copy of the a translation of the 1967 paper by Hohn and Maffeo (Appendix B), and 

finally a best available reproduction of the critically important paper by F. E. Roach of 

1964 (Appendix C). 

The data in the IAU report and that from the additional material in the appendices 

should provide sufficient information to allow design decisions to be made based upon 

the best data available today. 

CAVEAT 

The application of such data to the military use of image intensifiers, especially 

for head-mounted devices such as goggles, must be considered with care because of the 

weight and volume of such auxiliary components as coolers or other cryogenic engines 

needed for the existing cathode materials known to me. 

10 



Appendix A—The 1999 Reference of 
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Ch. Leinert et al.: The 1997 reference of diffuse night sky brightness 

3.3.1. Transformation A,/3 -> I. b 

sin 6 = sin ß sin /3NGP — cos ß cos /?NGP sin(A - A0) 

cos{l — l{) = cos(A - A0) cos /?/ cos b (7) 

sm{l - Zi) =  [sinßcos/?NGP + 

cos/3sin/3NGP sin(A — AQ)]/COS6. 

3.3.2. Transformation I, b ->■ A, ,0 

sin/3 = sin6sin^NGP + cos 5 cos/3NGP sin(Z — ?i) 

cos(A - A0) = cos(Z - h) cos6/cos/? 

sin(A - Ao) = [-sinbcosjÖNGP + 
cos6sin/?NGpsin(Z — Zi)]/cos;ö. 

(8) 

SUN X-\ o 
EAST WEST 

VIEWING 

DIRECTION 

Fig. 2. Relation between the coordinates used for present- 
ing zodiacal light measurements. A is counted positive towards 
east, i is counted positive counterclockwise from the ecliptic 
west of the Sun 

3.4- Altazimuth and equatorial coordinates 

The transformation depends on local sidereal time 9 and 
on geographical latitude <p. Instead of elevation, zenith dis- 
tance z = will be used. The zenith distance of the celestial 
pole is 90° — <j> Both, azimuth A and hour angle t = 0 — a 
are counted from the meridian through west. 

It is unfortunate that the obliquity of the ecliptic, used 
in Eqs. (3) and (4), and the angular distance from the 
sun, used in Eqs. (11) and (12), both are designated by 
the same letter e. However we did not want to change the 
commonly used notations. In practice this dual meaning 
rarely should lead to confusion. 

3.4.1. Transformation a, 8 —> A. z 

3.5.1. Transformation A — A©,/? —> e,i 
cosz — sin. 6 sin (f> + cos S cos (p cos(Q ~ a) 

cos A = [-sm5cos</> + cos5sin0cos(0-a)]/sinz(9) CQSe = C0S(A _ AQ)cos/3 

sin A = sin(9 - a) cos 6/ sin z. cos i = cosß sin(A _ AQ)/ sin e 

sini = sin ßj sine. 
(11) 

3.4.2. Transformation A, z —*• a, S 

sin 5 = cos z sin 0 — sin z cos <p cos A 

cos(0 — a) = [coszcos^ -f-sinzsin</>cosA]/cos5 (10) 

sin(0 — a) = sin A sin z/ cos 5.' 

3.5.2. Transformation e, i —> A — A©,/3 

sin/3 = sin i sine 

cos(A — A©) = cose/cos/3 

sin(A — A©) = cos i sine/ cos ß. 

(12) 

3.5. Alternate ecliptic coordinates 
The reader is cautioned that in some papers the differen- 

Instead of A — A©, ß also a sun-centered polar coordinate    tial helioecliptic longitude A — A© may be called "elonga- 
system is used. Its coordinates are the angular distance 
from the sun. called elongation e, and a position angle 
i, counted from the ecliptic counterclockwise,called incli- 
nation. The relation between the two sets of coordinates, 
when describing the position of a field-of-view with respect 
to the sun, is shown in Fig. 2. 

tion" or may be designated as "e", contrary to our defini- 
tion of elongation e as the angular distance from the sun 
to the field-of-view. 
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Fig. 19. Spectra of the nightglow from 800 Ä to 1400 Ä at 3 Ä 
resolution. The data were obtained from the space shuttle at 
an altitude of 358 km on December 5, 1990. Two spectra are 
shown, of which the upper one was taken closer to the dusk 
terminator. It therefore also shows Oil 834 and Hel 584 (in 
second order), which are features belonging to the dayglow. 
The zenith distance was « 85° and « 90° for the upper and 
lower spectrum, respectively. Lya is a geocoronal line. The 
continuum at 911 Ä is due to 0+ recombination to the ground 
state. From Feldman et al. (1992) 

context it is relevant to know the airglow as seen from such 
spacecraft positions. Results obtained at typical altitudes 
are shown in Figs. 19 and 21. The strength of the main 
emission lines is also summarised in Table 13. For the OI 
130.4 nm and 135.6 nm lines enhanced values observed in 
the tropical airglow (Barth & Schaffner 1976) are given. At 
mid latitudes they are less intense by about one order of 
magnitude. Apart from the main emission lines shown in 
Fig. 19, the ultraviolet region between 850 Ä and 1400 Ä 
is thought to be free of nightglow_emission. 

The viewing line of spacecraft on the night side of 
the atmosphere may cross the terminator and continue 
through the sunlit parts of the atmosphere. Under these 
twilight conditions, dayglow features become important. 
E.g. the NO 7 bands then are excited by resonance fluo- 
rescence and then are much stronger, the N2 Lyman-Birge- 
Hopfield bands are clearly visible, and the forbidden [Oil] 
emission at 247 nm is strong. Figure 22 shows ultraviolet 
airglow emission observed under such conditions. An ex- 
cellent review on observations and modelling of both day- 
glow and nightglow ultraviolet emissions has been given 
by Meier (1991). 

c) Near infrared 

From 1 /xm to 3 ßm, OH in a layer around 90 km height 
dominates the airglow emission. There is a gap in the OH 
spectrum around 2.4 fxra (see Fig. 27) which is important 
for balloon observations and also for the low background 
observations possible from Antarctica (see Sect. 4.3). Seen 
from the ground, longward of 2.5 fj, airglow is only a 
small addition to the thermal emission from the tropo- 
sphere (compare Fig. 11 in Sect. 4 abote). Figures 25 and 
26 show the near-infrared OH spectrum at two resolu- 
tions, once with a low spectral resolution of AA — 160 Ä, 
and once with a higher resolution of A/AA = 250 — 800. 
Wavelength lists and intensities for the individual OH 
bands can be found in Ramsay et al. (1992) and Oliva 
& Origlia (1992). Obviously, the near-infrared airglow is 
dominated by the OH bands. They primarily also de- 
termine the night sky brightness in the J (1.2 pm) and 
H (1.6 Mm) bands (Fig. 11, Sect. 4.3). 

6.2. Dependence on zenith distance 

In absence of atmospheric extinction, a thin homoge- 
neously emitting layer at height h above the Earth's 
surface shows a brightness increase towards the horizon, 
which is given by the so-called van Rhijn function 

I {z)/1 (zenith) = 
yT - [R/(R + h)}2 sin2 z 

(13) 

where R — 6378 km is the radius of the earth. E.g , 
for h = 100 km [I(z)/I(0)]max. - 5.7 results (Roach k 
Meinel 1955). This situation typically applies for balloon 
experiments. Figure 23 shows an example. For observa- 
tions from the ground, extinction and scattering change 
the behaviour in particular for zenith distances > 40°. 
Around A = 500 nm — 600 nm a maximum airglow in- 
crease by about a factor of about four may be expected 
at z — 75° — 80°, with the brightness decreasing again 
towards the horizon (see Fig. 24 for an observation and 
Roach & Meinel (1955) for a selection of predicted pro- 
files). For shorter wavelengths, with stronger scattering 
and extinction, this decrease starts already at higher ele- 
vations. However, appropriate models (based on realistic 
assumptions, including multiple scattering in a spherical 
atmosphere and going down to the horizon) to account 
for the observed brightness profiles from the zenith to the 
horizon have not yet been calculated. The results given in 
Sect. 5 do not claim to be accurate near the horizon. 

6.3.  Variations 

Airglow emission is often patchy and varying in bright- 
ness and spatial distribution with time. Roach & Gordon 
(1973) demonstrate this by showing airglow maps in time 
steps of 15 minutes on the right upper corner of odd pages, 
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Fig. 55. Decrease of infrared zodiacal light brightness when moving out of the ecliptic plane. Left: for a viewing direction 
parallel to the ecliptic plane at elongation e = 90°. Right: for a viewing direction towards the ecliptic pole. The calculations 
have been done for a position of the observer in the ecliptic (Zo = 0 AU) and heights above of the ecliptic of 0.5 AU and 1.0 
AU, as indicated in the figure. Ro is the heliocentric distance of the observer, projected into the ecliptic plane. The solid and 
broken lines give the predicted run of brightness with heliocentric distance for a wavelength of 25 /urn and 12 ^m, respectively. 
The calculations have assumed grey emission of the interplanetary particles, and radial decreases of spatial density ■ 
of particle temperature ~ r~° ** (W. Reach, private communication) 

and 

used a slightly different heliocentric radial brightness gra- 
dient, J(R) ~ R~22. The decrease as function of height 
above the ecliptic ZQ is typical for the models of three- 
dimensional dust distribution being discussed to explain 
the distribution of zodiacal light brightness (Giese et al. 
1986). Since the three-dimensional dust distribution is not 
very well known, the decreases shown in Figs. 55 and 56 
cannot be very accurate either. 

8.9.2. Surface   brightness  seen  from   outside   the  solar 
system 

Since the interplanetary dust cloud is optically very thin, 
the pole-on surface brightness at 1 AU is just twice the 
polar surface brightness observed from the earth, and the 
edge-on surface brightness just twice the brightness ob- 
served at elongation 90° in the ecliptic. The same type of 
relations hold for other heliocentric distances. 

The brightness in an annulus extending over a range of 
heliocentric distances has to be obtained by integration. 
The total brightness as seen from outside very much de- 
pends on the distribution of interplanetary dust near the 
sun, and therefore is strongly model dependent. E.g., at 
least in the optical wavelength range an annulus of width 
dr [AU] has a brightness ~ r-13 dr over a large region of 
the inner solar system, making the integrated brightness 
contribution strongly peaked towards the solar corona. In 
discussions of future planet-searching spacecraft (called 
DARWIN (Leger et al. 1996) and Terrestrial Planet Finder 
(Angel & Woolf 1997)) a value of integrated zodiacal light 

brightness at 10 ^m, when seen from a distance of 10 pc, 
of 70 /iJy, 300 to 400 times brighter than the Earth, is 
assumed (3.5 10~5 of the solar brightness). 

9. Coronal brightness and polarisation 

9.1. Overview 

The brightness of the corona surrounding the solar disk 
is composed of three main components: i) Thomson- 
scattered light from free electrons in the solar environment 
(K-corona) which is highly variable in space and time, ii) 
emission from coronal ions, especially in highly ionised 
states, and iii) contributions due to interplanetary dust 
(F-corona): solar radiation scattered on the dust parti- 
cles in the visual, as well as thermal emission of these 
dust particles in the near and middle infrared regime. The 
F-corona dominates the visible coronal brightness from 
about 3 RQ distance from the center of the Sun outward 
and has an increasing contribution to the total coronal 
brightness at longer wavelengths (see Fig. 57). 

For measurements in the corona, the elongation e is of- 
ten expressed in units of RQ , i e. in terms of the minimum 
projected distance r of the line of sight from the center of 
the Sun. Because the solar radius is RQ = 1 AU/214.94 
(Allen 1985), 1° in elongation corresponds to 3.75 RQ 

(and 1 RQ to 16.0'), while more generally for an observer 
at the earth 

sine r[RQ] 
1 Ro Ö 
1 AU 

(27) 
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Table 26. The intensity of stellar UV radiation at 196.5 nm in bins of 10° x 10° in units of 10"10 Wm~2 sr_1 ^m-1, respectively 
10-u erg cm-1 s_1 sr_1 Ä-1. The limits of the bins are given in degrees of galactic logitude and galactic latitude with the table. 
Only stars brighter than a certain flux limit (see text) were included. From Gondhalekar (1990) 
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Table 27. The intensity of stellar UV radiation at 236 5 nm in bins of 10° x 10° in units of 10-10 Wm"2 sr"1 pm~x, respectively 
10 erg cm- s-1 sr-1 A-1. The limits of the bins are given in degrees of galactic logitude and galactic latitude with the table. 
Only stars brighter than a certain flux limit (see text) were included. From Gondhalekar (1990) 
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Table 28. The intensity of stellar UV radiation at 274 nm in bins of 10° x 10° in units of 10~10 Wm"2 sr~x /mi-1, respectively 
10_n erg cm-1 s_1 sr_1 Ä-1. The limits of the bins are given in degrees of galactic logitude and galactic latitude with the table. 
Only stars brighter than a certain flux limit (see text) were included  From Gondhalekar (1990) 

s 

s 

o> o 

8 

as 

CO CM 
CO 

3 

(O 0> 

38 

88fc 

8 

2$ 
CM 

CM« 
o co 

383 

83P f» — o 

8 

3 

§ 

3 

£8 

O CO 

CO to 

38 

2cb8 

88 

CO ■* 

3fc 

CMOS 

OS "O 

s 

» 

§8 

8 

to ft 

28 

•^ r-l CM CO CO CM 

S3 

W S  K 

o c- 

2 
C» 

co 
O CO 
CM 
CM 

38 

8» 8 8 

8 

8 

SttS 

S S co s 

9 © A 

S5S 

co (to 
0> 

888 

£5 

s: 

3 

0»^ 

co a» 

s 

B 

s 

?s 

K 

CM So 

10 N 

3 

o 
CM to» 

s 

8 

SJfcS 

8 

s 

o 

o 

o 

o 

o EL 

-< o 
53 

8s 
O 

oto 

8 

o 

CO     -^     CM <\J     -*     cp     op 

aanuin oiionro 

OtJ 

COCO 
-i co 

s 

ct 

CO 

a 

83 

*SS 

r> N co 

8 

ÖS r« 

8 

3 

> CO 
«0 -■* 

0> CO I- 

s 

88 

3 

88 

8 

8s 
S8 

&e 

t- t» « m 

St 

i 

8 

a? 

8 

32 2 

CO CO CO GO 

2 

CO Pi 
0> 

1 

s 

io co io 
CO 

38 

B&EglS 

CO CO CO 

CO  _ 

eo p» 
e»o> 

r*- ■< « 

88 

8 

t 

88 

8 8 

m «o 
CM 

coo 

co <o 
M 

Si co 
CO 

8 

a 

3 

01 |p 

CO CO 

*8 

o» co 

13 

s 

8? 

CO CM 
CM 

lO|© 

$82 

8 

3 

■«•co 
«3 

8§83 

8 

CM 
CM-* 

5 

8 

3fc 
T-l co 

O 

8 

«v 

3 

o 
8 

o 
8 

o 
CO 

o 
8 

o 
8» Cd 

O 

ÜM   0 

53 
oO 

o »—* 

13 

8 

8 

s 

o 

o 
8 

o 

o *-* 
CM 

8 

o 

o 
CO 

35    ^    ?5 N    -^    «p    of 

aaaiiLvi OLLOVTYO 



62 Ch. Leinert et al.: The 1997 reference of diffuse night sky brightness 

—r" i     r-j     i    i - i    i    |     ;     i     i     i     i    i     i    >    '    [     '     '    '     i    | 

^v^c^r^^ 

—                                                                                                                  "^^VyT,                                                                                                                                                                                                                                                                                                                                                                _ 
y*'—^- 

^/WVwx „ . ,             ^_>X, 

i                    ^A^VTXXV.                      - 

:                                Vv^Vv                 : 
1                                                                ^"^X                 ~ 
:                                          VA*vx \        : 

r^v^-v                    'Vl\ j 
Differential star «punts:                                                          \            \    _ 

V                                                                  V^.       \ b =        0 0000          \                                                                      i.-v     V 
1 =      90 0000              s                                                                   1/ V,      1 

—       Area =         1 00 sq deg\                                                                "     \ 
Solar displacement =    \15 00 pc                                                     \/\ 
Halo scale = 0 500             \                                                                     vv \                                                                     ^ 

"   ,     ,     ,     1     ,     ,     ,    ,    1     ,     ,     ,\ ,     1    ,    ,     ,    ,     1    ,     ,     ,     ,    1 

2 Er 

1      1      1      | ! ! 1 1 1—1      1      1      1      j      1      ) l     .     |     ,     l     . 1    I   . 

- _ 
X\ \ ^\ ~ r,          .   - *^"-^\ 

  
- 

\                         \ 
\                           ^-^_ _ 
\                     X, _ \                 x - 

\               \ - 
\                 \ " 
\                  N -v            \ \ _ 

Differential star coii^its: - 
b =      90.0000           \ - 
1  =      90 0000              \ ~ 
Area =        1 00 sq de^> 
Solar displacement =   \ 15 00 pc 
Halo scale = 0 500          \ \ 

i     i     i     1     i     i     i     i     1     i     i   \j     i     1     i     i l     i     1     1     l .1     1 
20 15 

fl660 Magnitude 
20 15 

f!660 Magnitude 

Fig. 62. Differential stax counts as a function of FUV magnitude for a position in the galactic plane at I — 90° (left) and 
for the galactic pole (right). Solid line: total contribution, faint dotted line: disk component, dash-dot line: halo contribution, 
long-dashed line: spiral arms plus local spur (shown only for the field in the galactic plane) 

but otherwise does not give an explicit description of the 
model. 

10.2.2. FUV (91.2 nm - 180 nm) 

Table 25 discussed in the last subsection actually belongs 
to the FUV range. 

As far as modelling is concerned, the stellar contribu- 
tions to the FUV sky brightness have been well charac- 
terized The optical and infrared SKY model of Cohen 
(1994) has been expanded into the FUV by fitting it to 
observations on the FUV sky obtained with the FAUST 
FUV telescope (Bowyer et al. 1993). The FAUST cam- 
era had obtained observational data on 5000 sources in 
21 separate fields in the 140 — 180 nm bandpass. These 
data covered FUV magnitudes from 5 to 12. The model 
resulting from the comparison to these data (Cohen et al. 
1994) provides an excellent fit to the available FUV ob- 
servations. The extrapolated flux for magnitudes greater 
than 12 is less than 4% of the total point source flux and 
is less than 1% of the FUV diffuse sky brightness. 

As is the case for other wavelength bands, the inte- 
grated starlight in the FUV (and also the near ultraviolet) 
is concentrated toward the plane of the Galaxy. In Fig. 62 
we display two examples of how the model accounts for the 
stellar contribution in the ultraviolet (kindly provided by 
Martin Cohen). The figure shows differential star counts 
as a function of a FUV magnitude centered at 166 nm, 
both for a position in the galactic plane at I — 90° and for 
the galactic pole. In both parts of the figure, the solid line 
is the total number of stars per square degree per mag- 
nitude interval, the disk component is shown by the faint 
dotted line, and the dash-dot line is the halo contribution. 
For the galactic plane (left diagram), the halo component 
is of lesser importance, but the spiral arms plus local spur 

Table 29. Total integrated surface brightness in the range 
140 nm — 180 nm due to point sources, as given by the SKY 
model" at a galactic longitude of 90° as predicted by the SKY 
model 

Galactic /, Ix I 
latitude mJy/a° W/m2 sr fj.m photons/cm2 ssr Ä 

90° 26 6±0.01 102 10~10 82 5 
80° 40.6±0.02 156 10-10 125.8 
70° 49.7±0 03 191 KT10 153 8 
60° 58.2±0.03 224 10 -10 180.4 
50° 70.9±0.05 273 10~10 219.5 
40° 89.8±0.19 345 10~10 278.0 
30° 122.Ü0.3 469 10~10 378.2 
20° 185.0±0 6 709 10-10 571.1 
10° 483.0±12.9 1860 10~10 1496 
0° 429.7±7 8 1650 10~10 1330 

"Since this model was primarily constructed for the infrared, 
it cannot be expected to be accurate in the ultraviolet at low 
galactic latitudes (| b |< 10°), where the effects of dumpiness of 
the interstellar medium get dominating (Caplan & Grec 1979) 

contribution have to be taken into account (long-dashed 
curve). Table 29 gives the total stellar surface brightness 
in the 140 —180 nm band as a function of galactic latitude. 
The brightness varies with galactic longitude; in this case 
we show the values for I = 90°. 

In an attempt to unify the above information on ultra- 
violet integrated starlight, at present we suggest to rely 
on Tables 25 to 28 for the absolute and total brightness 
level, and to use the models demonstrated above for pur- 
poses like extrapolation to the contribution of faint stars 
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Fig. 63. U photometry of the Southern Milky Way The photometry is accompanied by a colour bar. Its left end corresponds 
to —100 Sio- The brightness at the right end of the bar is 450 Sio units (U) The scale is linear White areas denote non-valid 
data 
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(ßap)q 

Fig. 64. B photometrv of the Southern Milky Way The photomem is accompanied b\ a colour bar Its left end corresponds 
to -100 Sio The brightness at the right end of the bar is 550 SL0 units (B). The scale is linear White areas denote non-valid 
data 
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(fiep)q 

Fig. 65. V photometry of the Southern Milky Wtu The photometry is accompanied by a colour bar. Its left end corresponds 
to -100 Sio The brightness at the right end of the bar is 900 Sio units (V) The scale is linear White areas denote non-valid 
data 



Ch   Leinett et al : The 1997 reference of diffuse ni;;lit sk\  luinlilticss 67 

(ßep)q 

Fig. 66. R photometry ot the Southern Milk\ \\<i\ 1 lie phuumieu\ ts accompanied l>\ a colour bar Its left end corresponds 
to -100 Sio The brightness at the light end of the bar is 260Ü Sw units (R) The scale is linear White areas denote non-valid 
data 
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Fig. 67. S\ liopsis oi the Catina-C'oalsai k legion in ( // \ l\ lu kit ilitatc uunpai isou 1 he le\els ale adjn.M cd Im an optimal 
visualization The Sio-isophotes in the sense of 'outer broken line, continuous line and inner broken line" are (150. 250 380) 

for U, (150, 230, 400) for B, (250, 500. 800) for V, and (1000. 1400. 1900) for R The linear scale of the colour coding may be 
used for interpolation 
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Fig. 69. Pioneer 10/11 blue sky map at 440 nm at 0 5° resolution, constructed from Pioneer 10 and Pioneer 11 maps taken at 
3 26 AU to 5 15 AU heliocentric distance. The map is in Aitoff projection The galactic center is at the center From Gordon 
(1997) 
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Galactic  Latitude  b   (deg) 

Fig. 70. Compaxison of Pioneer 10 data for cuts through the Milky Way at different longitudes with the results of other 
investigations Note that the ordinate is in Sio{B) units. The numbers given in Table 35, which are given in S10© units, are 
therefore larger by a factor corresponding to the solar B — V value (compare Table 2) 

interplanetary dust emission becomes the dominant con- 
tributor to sky brightness, and artifacts from imperfect 
removal of the zodiacal emission become more serious, as 
does the contribution from cirrus cloud emission. More 
elaborate modeling would be required to extract the stel- 
lar component of the sky brightness at these wavelengths. 
Figure 73 shows two sets of repesentative intensity pro- 
files taken'from the 1.25 /tm — 4.9 /im approximate 
"starlight" maps the first set on a constant-latitude line 
near the Galactic plane and the second along the zero- 
longitude meridian. Full-sky DIRBE maps at 1.25 pun., 
2.2 /xm, 3.5 /im. 4.9 /mi, 12 /im. 25 /mi, 60 /um, 100 /im, 

140 /im, and 240 /im with the zodiacal light removed, 
from which these approximate starlight maps have been 
selected, are available as the "Zodi-Subtracted Mission 
Average (ZSMA)" COBE data product, available from 
the NSSDC through the COBE homepage website at 
http://www.gsfc nasa.gov/astro/cobe/cobe_home html. 

Model predictions for the integrated starlight, based on 
the galaxy model of Bahcall & Soneira (1980), were given 
for the near- and mid-infrared as function of the bright- 
ness of the individually excluded stars by Franceschini et 
al. (1991b) Figures 74 and 75 show these results for wave- 
lengths of 1.2 /im, 2.2 /im, 3.6 /im, and 12 /im. 
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Fig. 73. Intensity profiles of "Galactic starlight" as measured from the DIRBE maps at 1 25 fan, 2.2 /jm, 3.5 ^m and 4.9 pm 
after subtraction of zodiacal light. Upper half: longitudinal profiles at a fixed Galactic latitude of b = 1.6 deg (6 = Odeg is not 
shown as representative because extinction is significant at some wavelengths). Lower half: latitudinal profiles at fixed Galactic 
longitude of I = 0 deg 
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Fig. 74. Residual contributions to the near-infrared background radiation of stars fainter than a given apparent magnitude, for 
galactic latitudes of 20°, 50°, and 90° (from top to bottom, respectively). The values at the galactic pole at the intersection with 
the ordinate axis (cutoff magnitude = 3 mag) corresponds to 0.063 MJy/sr for J, to 0 081 MJy/sr for K, and to 0.053 MJy/sr 
for the L waveband 
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Fig. 75. Residual contributions to the 12 |im background ra- 
diation of stars fainter than a given flux limit, for galactic lat- 
itudes of 20°, 50°, and 90° (from top to bottom, respectively). 
The values at the galactic pole at the intersection with the or- 
dinate axis (cutoff flux = 20 Jy) correspond to 0 002 MJy/sr, 
which is much less than the contribution due to diffuse emission 
from the interstellar medium 

Fig. 76. The average intensity of the DGL as a function of 
galactic latitude based on the analysis by Toller (1981) of 
Pioneer 10 photometry of 194 Selected Areas at Aeff = 440 nm. 
Error bars denoting one standard deviation of the means are a 
measure of the longitudinal variation of the DGL intensity 

A third approach toward a DGL estimate might rely 
on the mean correlation between DGL intensities found in 
Selected Areas by Toller (1981) and corresponding column 
densities of atomic hydrogen Toller finds: 

DGL{SW(V)Q) = Nm / (2.4 1020 [atoms cm-2])    (31) 
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each produced by different constituents of the diffuse inter- 
stellar medium by different physical processes. The most 
important ones are the DGL, caused by scattering of star 
light on larger interstellar grains; the near-IR continuum 
emission, caused by a non-equilibrium emission process 
probably associated with small carbonaceous grains; and 
the set of so-called unidentified infrared bands which have 
been attributed to emission from interstellar aromatic hy- 
drocarbon molecules, such as polycyclic aromatic hydro- 
carbons (PAH). We will refer to them as aromatic hydro- 
carbon bands. 

No separate detection of the DGL at near-IR wave- 
lengths has been accomplished so far, although the galac- 
tic component of the near-IR background at 1.25 /un and 
2.2 /xm observed by the DIRBE experiment (Silverberg 
et al. 1993; Häuser 1996) undoubtedly contains a scat- 
tered light contribution. Recent evidence (Witt et al. 1994; 
Lehtinen & Mattila 1996) provides a strong indication 
that the dust albedo remains as high as it is in the vis- 
ible out through the ÜT-band (2.2 /xm). The i<T-optical 
depth is about 10% of that at V; hence, only at quite 
low galactic latitudes (|ö| < 5°) can one find the required 
dust column densities which will give rise to substan- 
tial (scattered) DGL. At the galactic equator, however, 
the ratio of DGL/LOS» should be similar to the values 
listed in Table 39. At higher galactic latitudes the ratio 
DGL/LOS* will be substantially lower than the values 
listed in Table 39. 

The near-IR continuum emission was first recognized 
in reflection nebulae whose surface brightnesses in the 
1 /im — 10 /im wavelength range exceeded that expected 
from scattering by factors of several (Sellgren et al. 1983; 
Sellgren 1984). Absence of polarization provided addi- 
tional confirmation of the non-scattering origin of this ra- 
diation. The non-equilibrium nature of the radiation pro- 
cess was recognized from the fact that the colour temper- 
ature of the emerging radiation was independent of dis- 
tance from the exciting star and thus independent of the 
density of the exciting radiation. This leaves as the cause 
of this radiation non-equilibrium processes which depend 
upon excitation by single photons, e.g. photoluminescence 
of grain mantles or, alternatively, non-equilibrium heating 
of tiny grains resulting in large temperature fluctuations. 
The galactic distribution of this radiation component has 
yet to be studied; it depends on a very accurate assess- 
ment of the near-IR integrated starlight (see Sect. 10.5) 
and the near-IR zodiacal light (see Sect. 8.5), which need 
to be subtracted from photometries of the near-IR sky 
background. 

The aromatic hydrocarbon bands centered at wave- 
lengths 3 3 /xm, 6.2 /im, 7.7 /xm, 8 6 /xm, and 11.3 /xm, with 
widths in the range of 0 03 to 0.5 /um, were first observed in 
bright nebulous regions by Gillett et al. (1973). Thanks to 
the successful AROME balloon-borne experiment (Giard 
et al 1988; Ristorcelli et al. 1994) and the more recent 
missions of the Infrared Telescope in Space (IRTS, Onaka 

et al. 1996) and the Infrared Space Observatory (ISO, 
Mattila et al. 1996; Lemke et al 1997), they have now been 
observed in the diffuse interstellar medium at low galactic 
latitudes. The relative bandstrengths and widths are very 
similar to those observed in reflection nebulae, planetary 
nebulae, and HII regions, pointing toward a common emis- 
sion mechanism Onaka et al. (1996) show that the band 
intensities at 3.3 /xm and 7.7 /xm and the far-IR back- 
ground intensities at 100 /xm along identical lines of sight 
are correlated very tightly, suggesting tfüat the respec- 
tive emitters, presumably PAH molecules in the case of 
the aromatic hydrocarbon bands and classical sub-micron 
grains for the 100-/xm thermal continuum, are well-mixed 
spatially and are excited by the same interstellar radia- 
tion field. The correlation of the band intensities with the 
atomic hydrogen column density is also excellent, reflected 
in the dust emission spectrum per hydrogen atom given 
in Table 43. 

11.4- Thermal infrared 

The infrared emission from the diffuse galactic ISM is 
dominated by thermal and other emissions by dust, 
with some additional contributions from interstellar cool- 
ing lines, mainly from CII and NIL At wavelengths 
< 100 /im the galactic diffuse emission is weaker than the 
infrared emission from the zodiacal dust cloud (see Fig. 
1); at wavelengths > 400 /xm the cosmic background radi- 
ation dominates over the galactic thermal radiation. Only 
in the 100 — 400 /xm band is the galactic emission the pri- 
mary background component. However, as the composite 
spectrum of all night sky components in Fig. 1 schemati- 
cally indicates, the thermal IR spectrum of galactic dust is 
complex in structure, suggesting significant contributions 
from grains covering a wide range of temperatures. In par- 
ticular, there is substantial excess emission in the 5 to 
50 /xm spectral range This excess is generally attributed 
to stochastically heated very small grains with mean tem- 
peratures in the range 100 - 500 K (Draine & Anderson 
1985; Weiland et al. 1986), while the main thermal emis- 
sion peak near 150 /xm is attributed to classical-sized dust 
grains in equilibrium with the galactic interstellar radia- 
tion field, resulting in temperatures around 20 K. 

The exploration of the infrared background has been 
greatly advanced by the highly successful missions of 
the Infrared Astronomical Satellite (IRAS; Neugebauer 
et al. 1984), the Diffuse Infrared Background Experiment 
(DIRBE; Boggess et al. 1992) and the Far-Infrared 
Absolute Spectrophotometer (FIRAS; Fixsen et al. 1994) 
on board of the COBE satellite, the Infrared Telescope 
in Space (IRTS; Murakami et al. 1994, 1996), and the 
AROME balloon-borne experiment (Giard et al. 1988). 
Before mentioning the relation to interstellar gas, we first 
comment on the maps of galactic far-infrared emission 
available from these experiments. 
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From IRAS, the so-called ISS A maps are available for 
wavelengths of 12 /mi, 25 /im, 60 /mi and 100 /xm. These 
present, after subtraction of a zodiacal light model, 12.5° x 
12.5° fields with 1.5' resolution, covering the sky on a 10° 
grid. For the two longer wavelengths this gives a good 
picture of the variation of galactic emission (in MJy/sr). 
The absolute value of these maps is not reliable, which 
can be seen from the regions with negative intensities. To 
access the data one can use the world wide web address 
http://www ipac.caltech.edu/ipac/iras/released_ data.html. 

With better modeling of the zodiacal light contribu- 
tion, Rowan-Robinson et al. (1991) produced sky maps of 
galactic plus extragalactic far-infrared emission with 0.5° 
pixel size. These maps give realistic absolute values and 
still show the spatial variation of the galactic diffuse emis- 
sion in some detail. Tables 41 and 42 give a version of the 
two tables for 60 ßia and 100 fixa in ecliptic coordinates. 
They are not printed here but available in electronic form 
at the CDS by anonymous ftp to 130.79.128.5. 

But in particular the DIRBE Zodiacal Light- 
Subtracted Mission Average ("ZSMA") maps at 60 /im, 
100 /im, 140 /xm and 240 /zm give a good estimate of the 
observed intensity resulting from the sum of galactic dif- 
fuse infrared emission and the extragalactic background at 
each of these wavelengths, apart from errors in the zodi- 
acal light model model. Figure 77 shows the DIRBE 240 
micron ZSMA map, along with representative intensity 
profiles at fixed galactic latitude. Since the extragalac- 
tic background light, which is spatially uniform, is not 
necessarily negligible at these wavelengths (see Table 47 
in Sect. 12), caution should be exercised when making 
quantitative statements about the absolute level of the 
diffuse Galactic infrared emission as derived from these 
maps. The Galactic contribution is certainly dominant at 
latitudes \b\ < 10°, but probably also all over the sky. 
Aside from this issue of absolute levels (how much extra- 
galactic background light radiation exists and has to be 
subtracted?), and aside from some visible zodiacal light 
model artifacts in the ecliptic plane at 60 microns, the 
ZSMA maps give a good picture of the spatial varia- 
tion of the diffuse Galactic emission at all latitudes. The 
intensities recorded in the ZSMA maps are reported in 
MJy/sr, assuming a nominal wavelength and a spectral 
shape of vlv = constant. The ZSMA maps are available 
from the NSSDC through the COBE homepage website at 
http://www.gsfc nasa.gov/astro/cobe/cobe_home.html. 

Interstellar dust appears to be well-mixed with all 
phases of the interstellar gas (Boulanger & Perault 1988; 
Sodroski et al 1997); however, to obtain a first-order 
representation of the emissions from galactic dust, the 
well-established correlations with iV(HI) provide the best 
guide. The average dust emission spectrum per H-atom 
is given in Table 43, as derived from the following orig- 
inal sources: ERE at 0.65 /im, Gordon (1997); galactic 
emission in the 3.3 /an aromatic feature, Giard et al. 
(1989), Bernard et al. (1994); dust emission in the 6.2, 

7.7, 8.6, and 11.3 /jm mid-infrared unidentified bands, 
Onaka et al. (1996); and the broad-band thermal dust 
emissions, Boulanger et al. (1996), Reach et al. (1995a), 
and Dwek et al. (1997). 

Table 43. Dust emission spectrum per hydrogen atom in the 
average interstellar medium 

Wavelength Dust emission spectrum 
47TA/A 

(/im) (erg s_1 H-atom-1) 

0.65 1.17 10-24 

3.5 1.27 10-25 

4.9 1 36 10-2S 

77 1.13 10-25 

12 1.02 10~24 

25 4.11 10""25 

60 7.04 10-2S 

100 2.64 10~24 

140 3.64 10~~24 

240 1.41 10~24 

346 5.77 10~25 

490 1.77 HT2S 

535 1.20 10~25 

736 3.33 10-26 

1100 5.49 10"27 

Compared with emission from dust, the radiation from 
infrared cooling lines of the gas is comparatively weak, re- 
flecting the fact that dust in interstellar space absorbs 
approximately one third of all energy emitted by stellar 
sources. The three strongest lines are the [CII] transition 
at 158 /zm and the [Nil] lines at 122 and 205 Mm (Wright 
et al. 1991). At low galactic latitudes, the [CII] line 
emission is well correlated with N(HI), yielding (2.65 ± 
0.15) 10-26 ergs s"1 H-atom-1 (Bennett et al. 1994). 
With latitudes increasing beyond |ö| = 20°, the ratio 
of /([158])/J(FIRcontinuum) decreases rapidly, leaving the 
158 /xm line unmeasurably weak at |6| > 65°. 

11.5. Ultraviolet 

11.5.1. FUV diffuse galactic light (91.2 nm to 180 rim) 

Intense Lyman a flux is present in this bandpass, and this, 
combined with various instrumental limitations, meant 
that most of the effort to measure a diffuse flux in this 
band was carried out at wavelengths longer than 121.6 nm 
In retrospect, the measurement of a diffuse flux in this 
bandpass is far more difficult than was originally imag- 
ined, and the potential for obtaining erroneous results is 
substantial. The literature is filled with controversial and 
erroneous results. 
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Fig. 77. Map of the sky brightness at 240 ^m after removal of zodiacal light, obtained from the COBE/DIRBE experiment. 
The map is a Mollweide projection in Galactic coordinates, with intensities on a logarithmic stretch from 1 to 1000 MJy/sr 
Smoothed intensity profiles at fixed Galactic latitudes of 0°, 4-/— 10°, +/ —30° and +/-6O0 are also plotted; positive latitudes 
are represented by the thin black, negative latitudes by the thick grey line 
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Table 44. Components of the diffuse cosmic far ultraviolet 
background with approximate intensities" (photons cm-2 s_1 

sr"1 A"1) 

Total intensity 300-1500 
Scattering by dust 200-1500 
H II two-photon emission 50 
H2 fluorescence 100 
(in molecular clouds) 
Hot gas line emission 10 
from hot Galactic gas 
Extragalactic 50 to 200 
Unexplained none to 200 

a Intensities dependent upon view direction. 
Intensities of processes producing discrete features are aver- 
aged over the 1400-1859 Ä band. 

Fig. 78. Summary data on the diffuse cosmic far ultraviolet 
background. The data from 902 to 1200 Ä are from Holberg 
(1986) and are upper limits to the flux from a high Galactic 
latitude view direction. Two data sets are shown for the 1400 
to 1850 Ä band. The upper line is from Hurwitz et al. (1991) 
and shows typical data obtained in view directions with raust > 
1. Note the H2 fluorescence emission around 160 nm. The lower 
line is from Martin & Bowyer (1990) and shows data obtained 
at a high Galactic latitude; the CIV 1550 Ä line is clearly evi- 
dent in emission and the 1663 Ä line of OIII] is also apparent, 
though at lower signal-to-noise ratio. The extragalactic contri- 
bution to these data probably is small (see Table 44) 

This bandpass has been studied extensively since the 
beginning of the Space Age, because the zodiacal light 
component is not present and contributions from stellar 
sources were expected to be sufficiently low that emis- 
sion from a hot (105 K) or very hot (106 K) intergalactic 
medium might be detected. 

A review of this literature is provided by Bowyer 
(1991), but for an alternative view and a detailed exami- 
nation of an particular data set, see Henry (1991). 

Substantial progress has been made in identifying 
the components that contribute to the diffuse flux in 
this band. The vast majority of the diffuse flux is 
starlight scattered by interstellar dust. In particular, 
Haikala et al. (1995) found FUV emission at a high galac- 
tic latitude from a cirrus cloud detected at 100 /mi with 
IRAS. Emission from hot («lO5 K) gas has been detected. 
An analysis of this radiation establishes that the emitting 
gas is well above the Galactic plane. Two-photon emission 
from recombining ionized hydrogen has been recognized 
as a component of this background. Molecular hydrogen 
fluorescence has been found in low density clouds. Any ex- 

tragalactic flux is quite small; this component is discussed 
in Sect. 12.1. 

In Fig. 78 we provide examples of the best available 
data on the diffuse far ultraviolet background. The data 
from 912 to «1200 Angstrom are from Holberg (1986) 
and are upper limits to the background from a high galac- 
tic latitude view direction. Two data sets are shown for 
the 1400 to 1840 Angstrom band. The upper line is from 
Hurwitz et al. (1991) and shows data obtained at a low 
galactic latitude. These data are typical of what is ob- 
served in viewing directions with an optical depth of 
Tdust> 1- Molecular hydrogen fluorescence is evident as an 
additional component at wavelengths from 1550 to 1650 
Angstrom. The lower line is from Martin & Bowyer (1990) 
and shows data obtained at a high galactic latitude and a 
low total galactic neutral hydrogen column. The CIV 1550 
Angstrom line is clearly evident in emission, and the 1663 
Angstrom line of forbidden O III is also apparent though 
at a lower signal-to-noise. 

As already mentioned, the major components of the 
cosmic far ultraviolet background are summarized in 
Table 44 above. 

11.5.2. Near-ultraviolet (180 nm - 300 nm) 

The diffuse radiation in this band is the sum of zodia- 
cal light and starlight scattered by interstellar dust. A 
few first studies of the zodiacal light in this band have 
been carried out, which suggest this component exhibits 
characteristics similar to that observed in the visible (see 
Sect. 8.6). A few studies of scattering by dust by early 
type stars have been carried out. The results obtained 
differ, and independent of these differences, the scatter- 
ing varies tremendously from place to place in the galaxy. 
We refer the reader to Dring et al. (1996) and references 
therein for a discussion of these results. 
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12. Extragalactic background light 

For the extragalactic background radiation no generally- 
accepted measured values exist in the UV, optical or 
infrared wavebands. However, upper limits from surface 
photometry and lower limits from galaxy counts are avail- 
able. We present a critical evaluation and tabulation of 
the available results. 

Extragalactic background light (EBL) in UV, optical 
and near-IR (A ;$ 5 /im) is thought to consist mainly of 
redshifted starlight from unresolved galaxies; more hypo- 
thetical contributions would be, e.g., from stars or gas 
in the intergalactic space, and from decaying elementary 
particles (e.g. neutrinos). In the mid- and far-infrared the 
main contribution is thought to be redshifted emission 
from dust particles, heated by starlight in galaxies. 

Observations of the EBL are hampered by the much 
stronger foreground components of the night sky bright- 
ness described in the other sections. Unlike the other com- 
ponents the EBL is isotropic which, in combination with 
its weakness, complicates its separation. Recent reviews of 
the observational and theoretical status of the EBL have 
been given by Mattila (1990), Tyson (1990,1995), Mattila 
et al. (1991) for the optical; by Bowyer (1991), Henry 
(1991), Henry & Murthy (1995) and Jakobsen (1995) for 
the ultraviolet; by Matsumoto (1990), Franceschini et al. 
(1991a), Hauser (1995a,b, 1996) and Lonsdale (1995) for 
the infrared; Longair (1995) has given a general review 
covering all wavelengths. 

The observational results presented here are sum- 
marised for each wavelength range in a separate table in 
the corresponding subsection. They are also put together 
in overview in Fig. 79 at the end of this section, where in 
the visual and near-infrared region some model predictions 
are added for comparison with the data, which stretch 
over a wide range of brightnesses at these wavelengths. 
Otherwise, model prediction of EBL brightness are not the 
topic of this reference. For this matter see, e.g., the confer- 
ence proceedings by Bowyer & Leinert (1990) and Rocca- 
Volmerange et al. (1991) or the work of Franceschini et al. 
(1991b). 

12.1   Ultraviolet 

An extragalactic component is certainly present in the 
UV/FUV since the summed flux of galaxies is present 
at some level. Early in the Space Age it was realized 
that searches in the FUV had substantial advantages over 
searches in the UV, because the zodiacal light component 
is not present at a measurable level and contributions from 
stellar sources were expected to be small. In particular, it 
was hoped that emission from a very hot (106 K) or hot 
(105 K) intergalactic medium might be detected. These 
measurements were far more difficult to carry out than 
was originally anticipated, and a wide range of conflicting 
results were reported. 

At this point, the most cited argument that some of 
the Far UV diffuse background is extragalactic in origin 
is that most measurements of this flux show a correlation 
with galactic neutral hydrogen column density, and the 
extrapolation to zero hydrogen columns yields fluxes that 
are in the range of 50 to 300 photon units. These results 
are only upper limits to an extragalactic background, how- 
ever, since there is no guarantee that galactic components 
are not producing this flux. 

While the total picture is far from clear, some aspects 
of a possible extragalactic flux have been established. 
Quasar absorption line studies definitely constrain emis- 
sion from a cliffuse intergalactic medium to a marginal role 
(Jakobsen 1991). Paresce & Jacobsen (1980) had shown 
before that integrated light from QSOs and AGNs will 
not produce a significant contribution to the diffuse FUV 
background. However, Armand et al. (1994) have used 
data on galaxy counts obtained at 2000 A wijh a lim- 
iting magnitude of 18.5, to calculate the ultraviolet flux 
due to the integrated FUV light of all galaxies. The ex- 
trapolation is small and leads to an expected flux of 40 
to 130 photon cm-2 s_1 sr-1Ä_1. Hence it seems certain 
that there is at least some extragalactic flux present in 
the diffuse FUV background. It is interesting to note that 
the flux predicted by Armand et al. is consistent with the 
(uncertain and controversial) observational results for a 
possible extragalactic diffuse FUV background. 

Table 45. Possible components of a diffuse extragalactic far 
ultraviolet background with their estimated intensities™ 

Summed from all galaxies     40 to 200 
QSOs/AGNs <10 
Intergalactic medium <10 
observed upper limit 50 to 300 

" Intensities are given in units of photons cm 2 s  x sr  * Ä  1. 

12.2.  Visual 

A selection of upper limits from photometric measure- 
ments as well as lower limits obtained from galaxy counts 
are summarised in Table 46. In the table, the author(s) 
and date of publication are given in Col. (1). The wave- 
length of observation and the /EBL value (or its upper 
limit) as given in the original publication are listed in 
Cols. (2) and (3). In Col. (4) we give our critical revi- 
sion (upper limit) of each JEBL value; in deriving these 
"revised values" we have tried to consider the effects of 
some additional uncertainties or corrections which in our 
opinion were not sufficiently discussed in the original pa- 
per. In Col. (5) we give XI\ = vlv for the revised EBL 
values. The last Col  (6) gives the method used. 
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Table 46. Observational upper and lower limits to the EBL intensity as determined from surface photometry or galaxy counts 

Author(s) A IEBL /EBL XI x (revised) Method 

(Ä) revised, lcr limits erg s-lcm_2sr_1 

Dube et al. (1979) 5115 1.0 ± 1.2 Sio 4.0 ± 1.2 Sio photometry 
^ 3.4 Sl0 £ 5.2 Sio £ 4.0 10~s 

Toller (1983) 4400 1.3 ± 1.3 S10G 1.9 ± 4.8 S1O0 photometry 
£ 3.9 S1O0 < 6 7 510© £ 3.2 10'5 

Mattila & Schnur 4000 6 5 ± 2.5 cgs* ^9.0 cgs* ^ 3.6 10~5 photometry 
(1990) 

t 

Cowie et al. (1994) 3400 (U') 1 3 lO-6 galaxy counts 
4470 (B) 1.8 10-6 (K £ 22m) 
5425 (V) 3.1 10-6 

8340 (I) 4 7 10~6 

22000 (K) 5.2 10-6 

Tyson (1995) 3600 (U) 2.5(+.07 -.04) 10-6 galaxy counts 
4500 (B) 2.9(+.09 -.05) 10~6 (Bj£29ra/D") 
6500 (R) 2.9(+.09 -.05) 10~6 

9000 (I) 2 6(+3   -.2) 10"6 

22000 (K) 7.2(+l    -1 ) 10-6 

Morgan & Driver 4500 (B) 1 9 10~6 galaxy counts 
(1995) 5500 (V) 

6500 (R) 
9000 (I) 

1.3 10-6 

3.2 10~6 

3.5 10~6 

(B £ 26m) 

4500 (B) 4.7 10~6 galaxy counts 
5500 (V) 6.4 10~6 (mputer ^38m) 
6500 (R) 8.2 10~6 

9000 (I) 10 0 10"6 

cgs = 10  9 ergs cm  2 s  l sterad  1 A  1. 

12.2.1. Photometric upper limits 

Three surface photometric measurements are included in 
Table 46: 

(1) Dube et al. (1979) observed the total night sky 
brightness from the ground in eleven high-latitude fields. 
As a mean value of the 11 fields Dube et al. gave an 
EBL+DGL value of 1.0 ± 1.2 Sio- Because it was not pos- 
sible to estimate the DGL contribution the result was in- 
terpreted as a 2CT upper limit to the EBL of 3.4 Sio or 
5.1 10-9 ergs cm-2 s_1 sterad-1 A-1. A basic problem 
with this method is that it starts with-the total night-sky 
brightness which is a factor of « 100 brighter than the 
EBL. Thus, very accurate measurements of the absolute 
intensities of ZL and airglow are required. The most crit- 
ical point in the data analysis of Dube et al. was the way 
they corrected for the airglow. They assumed that airglow 
is a linear function of sec z and used linear extrapolation 
to sec z = 0 to eliminate airglow. This method is doubtful 
since the sec z - dependence of the airglow is not strictly 
linear but follows the so-called van Rhijn's (1921) law. 
Mattila et al. (1991) have reanalysed the airglow problem 
using, as far as possible, the observational values given in 
Dube et al. (1979) and in Dube (1976). They have thus 
found that Dube et al. probably have overestimated the 

airglow intensity by « 3 Sio- Thus the residual value for 
EBL + DGL should be increased by this amount, result- 
ing in JEBL+DGL = 4.0 ± 1.2 Sio or an la upper limit of 
5.2 Sio- 

(2) Toller (1983) utilized measurements of a photome- 
ter aboard Pioneer 10 as it moved out of the zodiacal dust 
cloud (R ^ 3.3 AU). From these he subtracted integrated 
starlight and gave a value for the average brightness of the 
diffuse background light of /DGL+EBL = 3.3 ± 1.2 S10o 

He estimated IDGL to be 2.0 ± 0.4 S10o. As a final re- 
sult Toller thus obtained an EBL intensity of 1.3 ± 1.3 
S10G which he expressed as a 2a upper limit of /EBL = 
3.9 Sl0o. 

Since Toller's EBL value has been frequently cited as 
the EBL reference value, it deserves a detailed discussion 
of errors. The basic problem for his EBL determination 
is the large field of view (2.3 x 2.3 deg) of the photome- 
ter. Thus, the starlight entered with full weight into the 
measured sky brightness, and in order to derive the small 
residual EBL one must know the ISL very accurately in 
the Pioneer 10 photometric system. This was not fully the 
case. The ISL values of Roach & Megill (RM, 1961) and 
Sharov & Lipaeva (SL, 1973) are based on the Harvard- 
Groningen (Pickering et al. 1918, 1923, 1924; van Rhijn 
1929) and Mount Wilson starcounts (Seares et al. 1930) 
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the magnitudes of which were calibrated by using pho- 
tographic techniques. Sharov & Polyakova (1972) have 
shown that the Harvard-Groningen photographic magni- 
tude scales are in need of positive corrections of as much as 
0.4 mag to 0.5 mag in order to reduce stars of 7 to 16 mag 
from m.pg to the B system. In their ISL summation SL 
tried to take these photometric corrections into account 
and thus their ISL values should be given the preference 
over the RM values. Then an average IDGL+EBL of 3.9 
510©, instead of 3.3 S10©, is obtained. There is a the re- 
maining systematic error of the Sharov and Lipaeva ISL 
values due to the scale errors which is at least 15%. With 
an average ISL value of 25 510© this amounts to 3.8 510©. 
The systematic error of the Pioneer 10 photometry itself 
(e.g. due to calibration) has been given as 8% (Weinberg 
& Schuerman 1981), which for 25 510© corresponds to 
2.0 510©. A further uncertainty of 1.6 510© results from 
variations in the cutoff for bright stars. The total error 
resulting from quadratically adding the systematic and 
statistical errors then is 4.8 510©. 

Thus we end up with a revised EBL value of IEBL = 
1.9 ± 4.8 S10©. which corresponds to 2.3 ± 5.7 10-9 ergs 
cm-2 s-1 sterad-1 A_1or to a one a upper limit of 8.0 
10~9 ergs cm-2 s~l sterad-1 A-1. 

(3) Mattila & Schnur (1990), on the basis of their ob- 
servations in the dark cloud area L1642, have presented a 
preliminary estimate for the EBL of 6.5 ± 2.5 10~9 ergs 
cm-2 s_1 sterad-1 A-1. In this method an opaque dark 
cloud is used as a zero point where the EBL is negligi- 
ble or at least much smaller than in the transparent sur- 
roundings of the cloud Starlight, zodiacal light and the 
atmospheric components are eliminated in the differen- 
tial surface brightness measurements used in this method. 
The main problem is the elimination of the scattered light 
(DGL) which is present both in the opaque parts of the 
cloud as well as in its (semi)transparent surroundings. In 
view of the preliminary character of the above-mentioned 
value we prefer to interpret it as an upper limit, IEBL = 
9.0 10-9 ergs cm""2 s-1 sterad-1 A-1. 

12.2.2. Galaxy counts 

Deep galaxy counts by Cowie et al. (1994), Tyson (1995) 
and Morgan & Driver (1995) have provided estimates for 
the contribution of galaxies to the EBL. These lower limits 
to the EBL are given in Table 46 for several wavelength 
bands between 3400 A and 2.2 /j,m. 

(1) The EBL values of Cowie et al. are for a iT-band- 
limited sample with K ^ 22 mag. The K-band counts 
have a slope (dlogiV(ra)/dm) = 0.26 at K = 22 mag 
which implies that the surface brightness contribution per 
magnitude interval is converging. Contrary to this the B- 
band counts have a divergent slope (dlog./V(m)/d'm) = 
0.45 (Gardner et al. 1993). Thus it is suggested that the 
total EBL at U to visual wavelengths may t i substantially 
higher than the values given in the Table. 

(2) The EBL values of Tyson are for a sample to 
an isophotal limiting magnitude of 29 Bj magnitude 
arcsec-2. The limiting magnitudes of the counts are 
w 27 mag at Bj, 26 mag at R, and 24 mag at 7. Galaxies 
fainter than 20 mag at Bj contribute about 75% of the 
EBL at 4500 A. Most of the EBL flux originates from 
galaxies around B = 24 mag. 

(3) The EBL values of Morgan & Driver (1995) are 
from counts with limiting magnitudes of B = 26 mag, 
V = 24.5 mag, R = 26 mag and I = 22.5 mag. Morgan 
& Driver adopted two approaches in estimating the EBL: 
firstly they used direct observations of the number counts 
to sum up the EBL to the limiting magnitude; seconu./ 
they used a dwarf-dominated luminosity function to ex- 
trapolate the number counts down to a limiting magnitude 
of mpiiter = 38 mag. The EBL values for the second case 
are seen to be a factor of 2 to 5 higher than for the first 
case. This gives an impression of the possible importance 
of the contribution by very faint galaxies, m ^ 30 mag, to 
the EBL. 

12.3. Infrared 

The Diffuse Infrared Background Experiment 
(DIRBE) aboard the Cosmic Background Explorer 
(COBE) was designed to perform a sensitive search for the 
Cosmic Infrared Background Radiation (CIBR). Special 
care was paid in the design to supression of stray radia- 
tion. During the 10-month cryogenic operation of COBE 
in 1989 - 1990 DIRBE mapped the whole sky with high 
redundancy in ten wavelength bands between 1.25 and 
240 fim. DIRBE is completely free from any residual atmo- 
spheric effects or contamination by rocket exhaust which 
have made many of the previous balloon or rocket borne 
experiment results problematic. The main obstacles for 
a determination of the CIBR are the remaining strong 
foreground components which contribute to the infrared 
sky brightness with varying importance over the whole 
wavelength region. As detailed in previous section, these 
are the zodiacal light, the light of unresolved stars and 
the thermal emission by interstellar dust (cirrus). Since 
there is no distinct spectral signature known in the CIBR, 
the separation of the foreground components has to be 
based on modelling of their different spatial or broad band 
spectral distributions. In the case of the zodiacal com- 
ponent also its temporal variation during a year can be 
utilized. This modelling process is still being worked on 
by the DIRBE team. The most recent, still preliminary 
results have been presented by Häuser (1996). They are 
reproduced in Table 47 for the ten DIRBE bands as well 
as for selected wavelengths based on FIRAS data. The 
first column of results gives the upper limits on the CIBR 
based on the darkest spots observed on the sky. Because 
no foreground components were subtracted, these values 
are stringent upper limits to any isotropic component 
of the infrared sky brightness. In the second column of 
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Table 47. Upper limits and claims of tentative detections of the cosmic infrared background radiation 

A V lu Reference vlu Reference Ref. 
/xm nW m ~2 sr"1 1 nW m~2 sr"1 

1.25 393 ±13 DIRBE dark sky 50 - 104 DIRBE residual 1 
2.2 150 ±5 15 - 26 1 
3.5 63 ±3 15 - 24 1 
4.9 192 ±7 9-22 1 
12 2660 ±310 102 - 164 1 
25 2160 ±330 136 - 210 H 
60 261 ±22 31 - 42 1 

100 74 ±10 20 - 35 1 
140 57 ±6 12 - 63 1 
240 22 ±2 8-33 1 

111 108 FIRAS dark sky 1 
143 63 

// 
1 

250 30 
a 1 

500 6 
a 

1 
500-5000 680/A(/xm) FIRAS residual 2 
400-1000 3.4 (A/400 ßm)-3 FIRAS residual 3 

10 - 40 6 h (A/Mm)0-55 7-ray method 4 

References: 1 Häuser (1996),2 Mather et al. (1994), 3 Puget et al. (1996), 4 Dwek & Slavin (1994). 
h = ffo/100 km s-1 Mpc-1. 
For conversion of the units to MJy/sr see Table 6. 

results the range of DIRBE sky brightness residuals at 
high galactic latitude after subtraction of "best mod- 
els" currently available for zodiacal light and emission, 
starlight and interstellar cirrus are given. These numbers, 
as emphasized by Häuser (1996), are still preliminary. The 
uncompleteness of the foreground modelling is reflected in 
the fact that the spectrum of the residual brightness at 
mid-IR wavelengths shows a resemblance with the zodia- 
cal light spectrum. For ease of comparison, part of Table 6 
on total infrared sky brightness in dark spots is repeated 
here in the left part of the table. 

Kashlinsky et al. (1996) have tried to convert the 
smoothness of the spatial distribution of DIRBE light into 
upper limits to a CIBR radiation component coming from 
clustered matter evolving according to standard scenarios. 
They find that the upper limits tö such a component be- 
tween 1.25 /xm — 100 /im are by a factor of 4 to 100 lower 
than the Hauser et al. (1996) residual isotropic bright- 
nesses given in Table 47. These values have to be taken 
with caution, however, since their derivation is strongly 
model-dependent. 

Using COBE/FIRAS data Mather et al. (1994) have 
estimated that the CMB spectrum between 0.5 mm and 
5 mm deviates from a 2.726 K blackbody shape by less 
than 0.03% of the peak intensity. Taking twice this amount 
as an upper limit to an additional CIBR implies vBv < 
6.8 10-U/A (/xm) W m~2 sr"1. 

Puget et al. (1996) have claimed a tentative detec- 
tion of far-IR CIBR using COBE/FIRAS data. They have 

modelled and removed the foreground components above 
140 /xm. For estimating the interstellar cirrus emission 
they used its correlation with HI 21-cm data, and for zodi- 
acal emission its spectral and spatial distribution as deter- 
mined at shorter wavelengths, A < 100 /xm. The residual 
isotropic component claimed for the 400 /xm — 1000 /xm 
range can be represented by vBv as 3.4 10~9(A/400 /xm)~3 

W m-2 sr"1. 
An indirect method for measurement of the mid-IR 

CIBR is based on the spectra of 7-ray sources, since 7- 
rays interact with intergalactic IR-photons by pair pro- 
duction, giving rise to energy-dependent extinction. A 
recent application gives, for A PS 10 — 40 /xm, the re- 
sult vB„ « 6/ilO-9(A//xm)055 Wm^sr1 (Dwek & 
Slavin 1994). The result depends on the Hubble constant 
h = HQ/10Q km s-1 Mpc~:. This estimate is by a factor 
of « 10 lower that the DIRBE isotropic residuals at 10 
and 25 /xm, but fits nicely to the DIRBE isotropic residu- 
als at shorter and longer wavelengths (see Fig. 79). Again, 
there are uncertainties in this method, since the intrinsic 
high energy gamma ray spectra before attenuation by in- 
teraction with the cosmic infrared radiation field are not 
really known. 

12.4- Overview on EBL observations 

Figure 79 summarises the current observational limits to 
the extragalactic background light in the wavelength range 
from 0.1 /xm to 1000 /xm. In the visual and near-infrared 
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Fig. 79. Summary of present observational limits and model predictions for the EBL. The photometric upper limits by 
Dube et al. (DWW), Toller (T) and Mattila & Schnur (MS) in optical and the UV upper limit of 300 photon units at 170 nm (see 
text) are shown as downward pointing arrows. The COBE/DIRBE and COBE/FIRAS dark sky (total) brightnesses between 
1 25 pm and 500 /im are shown as crosses and open triangles, respectively. The ranges of isotropic residuals after foreground 
subtraction are shown by vertical bars for the DIRBE 1.25 /urn - 240 pm bands (Häuser 1996) The Mather et al. (1994) 
estimate for an upper limit of possible sub-mm excess above the CMB spectrum is shown as a dashed line between 500 ßm 
and 1000 ßm. The claimed tentative detection of CIBR by Puget et al. (1996) is shown as a solid line between 400 pm 
and 1000 /jm. Solid lines at 10 ^m — 40 ßm are the possible detections from Dwek & Slavin (1994); the upper line is for 
Ho = 100 km s_1 Mpc-1 and the lower one for 50 km s_1 Mpc-1. The results from galaxy counts are are shown with different 
symbols: Cowie et al: black squares; Tyson: solid circles; Morgan and Driver: open circles (two values at each wavelength band, 
see Table 46 and text). In the visual range, some model calculation results are shown as well for comparison: solid lines are 
after Yoshii & Takahara (1988) for evolving galaxy models, labeled with go and ZF, where zp means the epoch (measured by 
redshift) of galaxy formation; the dashed line is for a non-evolving galaxy model with go = 0.02. The two dash-dotted lines are 
after Vaisänen (1996) for models which include the estimated effect of low-surface-brightness and faint blue galaxy populations: 
the upper line is with Ferguson & McGaugh (1995) luminosity function and with luminosity evolution (model labeled FMB-LE 
in Vaisänen 1996); the lower line is with a luminosity function evolution in accordance with the findings of Lilly et al. (1995), 
i.e extra brightening of the blue galaxies over the passive luminosity evolution, and an excess of a non-evolving blue population 
of faint galaxies (model labeled BBG in Vaisänen 1996) 

range, where discrepancies between-different methods of 
determination are particularly large, we also plot a few 
selected model predictions for comparison, without the 
intent to discuss them here. Compared to the situation 
ten years ago, the gap between upper limits from direct 
measurements, lower limits from galaxy counts, and model 
predictions is getting smaller, being mostly less than a fac- 
tor of ten by now. A comparison with the total sky bright- 
ness values shown in Fig. 1, which are typically brighter 
by two orders of magnitude, is informative. In this com- 
parison please note that vlv and AI\ are identical units of 
brightness. 
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Abstract 

/l 

.1 .urn)' of the moon- Mbsolute radiant intensities (^—ÖT5 

less night sky under various meteorological conditions uiere 

investigated with the help cf a spectrometer built and cal- 

um, ibrated  for this  purpose, (A -Ar——frrtt 

Lacxaaairig. to AX   = Q.l .um-as-    j\—=—±-r±—TdHrr.     Fluctuating 

airgloui emission lines in the visible region uiere aluays found 

to  exist on top of a  continuum which steadily increases  in 

intensity to  1.1   iiim ariifuihich consists  primarily of un- 

resolved OH bands in the near 13.     The absolute intensities 

uere  found to change  considerably with the amount and type 

of cloud cover,  but  the spectral form (.neglecting the lines) 

remained consistent,  shouiing none the less a definite tendency 

to flatten for increasing cloud cover.    The dependence of      ,/,U/C/^>v 

radiant intensities at 0.5577,  0.6,  and l.G   JÖir on meteorological 

conditions uere statistically examined,   resulting in histo- 

grams  relating   frequency of occurence uith radiance.     These 

oemonstrate  quantitatively the displacement towards  louar 
intensities  for increasing cloudiness^  >■*''rvj.s^n,it.  a  fartn1« 

-o-S—^-a-t—1-S- ,ut»-f-QS-G-leap/100?6~elau«ivu2i>The spectral radiances 

found  for clear skies agree well uith those found by other 

authors. 
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1. Introduction 

The brightness of ths night sky in the spectral range 

between  X  0.5  and 1.1 ,um consists of astronomical and 

terrestrial components (Ref. 1).  Several astronomical com- 

ponents contribute to the air glow produced in the upper at- 

mnsohare. In the near infrared, the terrestrial component 

predominates and consists basically of the hydroxyl-band 

emission at an altitude of 90 km. ' The brightness of the moon- 

less clear night sky uas investigated experimentally and 

theoretically from a number of different viewpoints (Ref. 2,3). 

This study reports on experimental investigation of the 

brightness of the moonless night sky at varying degrees of 

overcast by clouds and/or dust.  Accordingly, the spectral 

radianca of  the night sky was determined in the range A 

betuaen 0.5 and 1.1 ,um in units of üicn~2 .um.~^ steradian"^- 

in order to make it possible to discuss, in addition to the 

spectral distribution, also the absolute brightness as a 

function of overcast of the night sky. 

2. Spectrometer 

- 'For spectral analysis of the incident radiance from the 

night sky, we utilized a monochromatic illuminator (Carl Zeiss 

Co.) with azimuthal mounting. The radiation uas cut down by 

a sector disc ahead of the input slot so as to produce a 

periodicity_of 300 c/s and a reference signal could he derived 

from the sector disc.  The field of vision cf the instrument 

uas determined experimentally as 1.1^ x 10~2 ^ 5% staradian 

(approximately 7° (£ ).  The input and ths output slot had a 

width cf 1 mm and a height cf about 5 mm. Fig. 1 represents 

the soectral slot width A X as a function of wavelength A 

/2 



under these conditions. 

In order to photograph spectra in the range A between   — 

0.5 and 0.0 ,um, a multiplier, EMI 5553 A(5-2u cathode) was 

arranged beyond the output slot. Spectra in the range 

between 0.7 and 1.1 ,um were measured with a multiplier, RCA 

7102 (3-1 cathode), cooled by liquid nitrogen. The electric 

^ signals at the output of the multipliers were amplified, 

phase-sensitively rectified and recorded. The spectra could 

be recorded in 7 or 2B min depending en whether a time constant 

of tT  =3 sec or = 30 sec was required to obtain an adequate 

signal-to-noise ratio.  In most cases X ■= 3 sec was sufficient. 

A calibrated quartz-iodine filament lamp (spectral ir- 

radisnee standard L-101, Electro-Optics Association Inc., USA) 

permitted determination of spectral sensitivity R„, 

R.*R  ( X ) for wavelengths between 0.5 and 0.S ,um (EMI 5553 A) 

and/or 0.7 and 1.1 ,um (REA 3102) in regard to spectral radi- 

ance- N (A ). The recorded curves U   ( X ) and IT ( A ) 

could thus be converted, with the aid of a Siemens-2002 com- 
WTC    \ TO   \ 

puter, to spectra i\!   ( A ) and N*  ( A ) for which 2<+  values 

of U x and 26 values of U  were derived with the aid of a 

digital curve evaluator (Oscar K of Oanson-Lehner). The mean ^ 

error of the finally obtained radiances was 15 tc 20%. The 

radiance equivalent to noise (TJESI) was about 1 x '-^'Jcn"2 .um"1 

steradian "1 at A = 0.6 ,um and""£"= 3 sec, and about 5 x 1Q"1 

Ucm~2 .urn" steradian "•*■ at 1.0 .urn andT= 3 sec for the RCA 

7102 multiplier.  The values determined under laboratory con- 

ditions occasionally showed a fivefold increase during night- 

sky measurements which must ba ascribed to the external con- 

ditions under which the instruments operated at the respective ;, 

location. However, the recording of night-sky was nevertheless 



nnnerally (incomplete sentence in cnurce). In -visu of 
2-1-1 l— applications, the unit Ucm—  ,um  sterariian  was pre- 

ferred ever the unit R CRef. 3) generally used with clear 

night sky. 

3.  Classification of Gvercasts in Night Skies 

Since airglcw as well as tha astronomical components 

of the brightness of tha night sky originate outsida of tha 

atmospheric ranga which can be characterized by meteorological 

parameters measurable an the ground, the type of overcast 

is the dominating factor in tha night-sky spectrum undar 

differing meteorological conditions.  The variations' of 

brightness of the airglow produced by changes of state in the 

emitting layars of the upper atmosphere, altitude 90 km and 

25Q-4G0 km), are here assumed as givan and not further in- 

vestigated.  The overcast of the night sky produces absorption 

and scattering of the radiation uhich is'the source of the 

brightness of the night sky.  As shown by observations in 

daytime, since the scattering and absorption by clouds is 

not greatly dependent on wavelength, the form of the spactrum 

of the night sky at wavelengths batween 0.5 and 1.1 ,um is 

probably not graatly dependent on the type of overcast if 

wo disregard that the depths of the absorption bands of 

water vapor may greatly vary at \ = 0.9 ,um and 1.1 »urn. 

The absolute brightness of tha night sky will depend, houavar, 

greatly on the type of existing overcasa as can be vcrifisd 

evan wi'tir the bare eye. 

A further parameter is the albedo of tha landscape in 

which tha measurements of tha night sky are carried cut. 

Tha measurements in the Alpine region of Central Europe were 
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made uith and without snow cover no that moan and very high 

albedo warn recorded.  The determination of the typo of 

cvercast of the night sky is known to be a problem not yet 

satisfactorily solved uith existing instrumentation. It 

woo determined here visually for a scale of five types 

of overcast T = D, 1, 2, 3 and U  which signify the following: 

Q = rnin; 1 = very cloudy, stars net visible, principally     "* 

tstratus and nimbostratus; 2 = clouds between 1 and 3; 3 = 

cirrostrotus and haze or slight fog, the brightest stars 

are visible; 4 = clear sky. 

Tyoes G, 1, 3 ana ^ can be determined visually very well 

but type 2 is always ambiguous.  It contains mixed forms of 

overcast and only partially and/or rapidly changing cloudiness. 

Moterclogically, this case is difficult to determine definitely.*-'5 

since the circumstances in the field of vision of the spectro- 

meter (approximately 7° PHI) may vary greatly during recording 

of the spectrum so that the latter has only minor probative 

value or must be entirely eliminated.  Measurements with snow 

on the ground ara identified by addition of 3 in which 0 S 

signifies falling snow and 1 S, 2 S, 3 S and 4 S signify 

corresponding overcasts with snow-covered ground. 

From our earlier considerations on the effect of over- 

cast, it may be expected that, with continuation of the 

form in principle of the spectrum of the night sky, the 

radiance of the night sky decreases in the mean from T = 

0 to T = 4.  Under radiant values corresponding to T = 2, 

relatively strong scattering may be expected*. 



U.    Location of Measurement 

Trial measurements were carried cut ot different remote    /6 

locations in the South-German arco.  They all indicated that, 

espnci.il ly at overcast sky, almost everywhere an illumination 

of the night sky is present cue to the scattered light from 

artificial sources.  Particularly in the near infrared,        *,>'* 

measurements of tha night skyors then no longer passible 

because in contrast to the visible spectrum, the farm of the 

spectrum of scattered light from artificial sources carnct 

bo differentiated from that of the undisturbed spectrum of 

the night sky with the resolution of wavelength hare 

utilized icf.  Fin. 1) 

At Scheibrand (Pitztal, Tyrol) in Austria, scattered light 

fron-: artificial sources could be excludad under all meteorological 

conditions uith statistically reliable probability. Fig. 2 

shows the  view from the location of measurement toward South- 

Southeast.  Measurements could be made, at an azimuth JJ= 145° 

(ftortft ^-   0°, numbering across East), at a range a?  altitude 

about the horizon of 20° brow 20° L W L  60. The Zenith 

and -ehe Northern sky could not be included since the 

instrumentation was installed on a porch facing South and be- 

lcu a projecting roof in order to be able to measure also 

during rain and snowfall. During the three series of data 

made here the changes of weather frequent in the Alpine 

region made it possible .to work under very different over- 

casts of the night sky (4 nights in August 19S6, 10 nights 

in October 1956 and 10 nights in March 1967 with snow). 

5. Oiscussion of Findings /7 

5.1 - Spectral Range  A   0.5 to 0.9 ,\sn 



In this chapter, we discuss first the form of the 

spectrum of the night sky at wavelengths between 0.5 and 0.8 

.urn jnd regard the radiance of the night sky at 0.557 «um, 

recorded with a spectral slot width of   & A     -  0.015 

,um, as a function of altitude under different overcasts 

of the night sky. Subsequently we statistically investigate 

the radiance as a function of the types of overcast defined '• 

in Section 3. 

5.1.1 - Form of the Spectrum 

VIS 
The figures 3-a, -b and -c represent 3 spectra N 

of the night sky at wavelengths between 0.5 and 0.8 .urn 

photographed with clear sky (type U  and type k  S) at a 

height of h = 60°.  Characteristic are the intense night- 

sky lines, green at 0.5577 ,um (01), the sodium line at 

0.5SS3 ,um (Nal, doublet) and the non-resolved red lines at 

0.6300 and 0.63S4 -urn (01) which are visible in the spectra 

with varying intensity. They lie along a continuum con- 

sisting of the so-called green continuum of the airglow and 

extraterrestrial irradience to which hdroxylband emission 

contributes which begins at about 0.5? ,um. It causes the 

further characteristic trace of the night-sky spectra in this 

range, i.e. the increase of spectral radiance to wavelengths 

as far as 0.8 yum. 

The variations of radiance of these night-sky lines     /8_ 

have not been correlated. Only the radiance of the sodium 

line is correlated to that of the hydroxyl-band emission 

(Ref. 3,^,5,6,7). 

The radiance of the green night-sky line (Ref. 2, 3, 



8 and specifically 5 and 9) varies each night and during one 

and the same night very greatly and irregularly. It shows 

no pronounced nocturnal variation. Occasionally, a weak 

midnight maximum was observed in mean latitudes. The annual 

variation here appears to possess in October a maximum of the 

monthly mean {Ref.  9). The radiance of the line is correlated 

to that of the so-called green continuum of the airglcw 

(Sef. 5). The frequency distribution of the radiances is 

"oblique". with minor probability, there also occur very 

intense radiances which must ba ascribed to increased excitation 

of emission by polar lights. In mean geographic latitudes, 

the radiance of the green night-sky line varies between 

50 and 700 R with a mean of about 250 R. If we add to this 

the maan component of the hydroxyl-band emission (20R) 

falling in the region   A A    = 0.015 /urn, and other 

continuous radiation (2^0 R) (Ref. 2 and specifically Ref. 

10), then raoiance at 0.557 ,um may hera assume values between 

6 x 10"10 and 18 x 10~10 blcnf^ura"1 steradian"1. 

The radiance of the sodium line exhibits a pronounced 

minimum in summer and maximum in winter but not a nocturnal 

variation in the mean. In the summer, its intensity varies 

between 10 and 200 R, in the winter between 10 and UQQ  R 

with a mean at 10 and/or 100 R (Ref. 2, 3, 8 and specifically 

Ref. 5). If we add to this again the mean components of the 

hydroxyl-band emission (60R) and the continuous radiation 

(288 R) in the spectral interval of   A, X    = 0.018 «urn 

utilized, we then find, for the radiances in summertime at 

0.5893 ,um, values between 5 x 10~  and 7 x 1Q~  UIcm~ 7um~ 
-1 -10 steradian , and values for winter between 5 x 1Q   and 

10 x 10   Ulcm  .um" steradian 



The red night sky line (Ref. 2, 3,-8 and specifically 
i 

Ref. 5) shocks %-a annual variation in the mean but a pronounced 

nocturnal variation. Its radiance passes through a wide 

nocturnal minimum which is subject, however, to rather great 

variations and is moreover interrupted by brief-interval 

brightness. In mean geographic latitudes, we find radiances 

between 2Q and 400 R. hie  can utilize, for the midnight 

minimum, 40 R as mean value. At a spectral slot width of 

j±  A = 0.024 »urn, radiance at 0.63 ,um may therefore vary 
-10 -10   -2  -1       -1 

between £ x 10   and 10 x 10   Wem  ,um steradian 

where 150 R have been added as mean component of the hydroxyl- 

band emission and 348 R as mean component of the continuous 

radiation (Ref. 2 and specifically Ref. 10). 

After calculation of additional mean radiances at wave- 

lengths between 0.5 and 0.8 .um (Ref. 10), we were able to 

plot in Fig. 4 the schematic gradient of the spectral 

radiance of the night sky to be expected for the spectral 

resolution hare utilized. Far  A   not greater than 

0.7 ,um, we utilize a continuous background (night-sky 
/ o o 

continuum 0.3 R/A and astronomical contiuum 1.3 R/0) 

of l.S R/A (Ref. 1). At  \    0.75 ,um, we took into 

consideration only the astronomical component of 1.3 R/A. 

The value at 0.8 ,um corresponds to the pure hydroxyl-band 

emission. 

The range of variation of radiance at the locus of the 

intensive night-sky lines corresponds to the hachured areas. 

The spectra measured with clear sky agree well with the 

schematic spectrum corresponding to the findings of other 

authors. Additional variations are due to the variation in 

/9 
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time of the hydroxyl-band emission and to variations of the 

continuous radiation (Ref. 5). 
• i 

Although variable in detail, this characteristic form    ,^Q 

of the night-sky spsctrum is maintained even with overcast 

sky as demonstrated by the spectra f\i l      (.   }\ J    ia fi-9- 5 

They were recorded at the types of overcast Q (Fig. 5-a), 1 

(Fig. 5-b), 2 (Fig. 5-c) and 3 (Fig. 5-d). The available ma- 

terial of 167 spectra was tested by comparative examination 

of the spectra for maintenance of this characteristic 

form. Accordingly, the relative night-sky spectrum dees not 

appear to be subject to variation as a function of the 

overcast- of the sky which go much beyond the large range of 

variation of the spectrum of the clear night sky discussed 

and sketched in Fig. *♦. A precise investigation of this 

question would be possible only if measurements could be 

made simultaneously above and below a cloud cover which can 

be attempted only in the course of further observations of 

the night sky. This should disclose the certainly existing 

dependence on wavelength of the reduction of irradiance 

from the night sky by the respective existing overcast. 

For the time being, the schematic sprectrum shewn in 

Fig. 4 can be utili.zed also as model- for the relative night 

sky spectrum with overcast sky. 

5.1.2 - Radiance at 0.5577 ,ura as Function of Altitude above 
' "Horizon 

It should be painted out that we speak hare always of 

the radiance at A = 0.557 ,um as measured with the spectral 
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slot uidth ofA\= 0.03 5 .urn.  The continuum which is tha 

location of the green night-sky line, uas not determined 

in this study so that it is not possible to convert to 

the radiance of the line. 

Uith clear sky, the radiance of night-sky emission 

, increases uith decreasing altitude because the path of 

the visual ray in the emitting atmospheric layer here is 

prolonged. In addition, however, atmospheric extinction 

increases uith decreasing altitude so that the radiance 

passes through a maximum near the horizon (Ref. 3). 

In Fig. 6, the values corresponding to a clear sky 

(type 4) show the expected increase uith decreasing h in  /ll 

the range of altitude 20° not greater than h not greater 

than £0° accessible to measurement. The values here 

entered for other types of overcast demonstrate the dif- 

ficulty of such measurements as a function of altitude 

uith overcast sky uhen spectra are recorded as here. In 

the required time, the brightness of the overcast sky 

both changes as a uhole as uell as in individual sections 

independently of each other generally so greatly that the 

values can scarcely be correlated. 

Kouever, ua are able to derive from Fig. 6 that the 

variation is not particularly great uith altitude and that 

it is rather less uith overcast than uith a clear sky. 

This is "to" be expected from the Lambert lau because a 

cloud illuminated from above uouid radiate, as an optically 

thick medium, dounuard in the ideal case, i.e. uithout any 

dependence on altitude. Houever, the conditions are greatly 
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modified oy the variable thickness of ths overcast, i.e. 

its cloud structure. La must further take into consideration 

the topography which leads with lau cloud covar to special 

conditions whan measurements arc made in a steeply cut 

Alpine valley in order to prevent interference from art- 

ificial sources. Sines ail these influences so far have 

not been investigated, all of the radiances measured at 

all altitudes 20° "not greater than h not greater than 60° 

were utilized as statistically equivalent in this first 

investigation of radiance as a function of overcast of the 

night sky. This produced a mean over all of these effects. 

5.1.3 - Radiance at G.556 ,um with Differing Overcast of 

the Night Sky 
/12 

In order to detect the radiances H  (0.557 .urn) measured 

at A ä = 0.557 .um with a spectral slot width of A A = 0.015 .urn 

as a function of overcast of the night sky, there are 

discussed the frequency distributions of the radiances 

measured at the types of overcast T define in Section 3. 

Since the number of the available values N (0.557 .urn), 

is not very large as shown in Table 1,' there are indicated 

histograms p viQ.557 .um)T of the frequency distribution. 

For this purpose, the number of values PJ (0.557 .urn), was 
-10 

determined in classes of radiance of ths width 1 x 10 
9 -1 —1 Ucm   .urn  steradian . After normalization, there result 

the histograms shown in Fig. 7. Ue plotted the distribution 

of all of the values measured for one type and the hacnures 

indicate the distribution of the values ceasuxed with snow. 

In addition, we determined the theoretical value of radiance, 

i.e. ühe barycenter Ol  (0.557 /UaJ)T) of the frequency 
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distribution and entered it in Fig. 7 as arrow. Tha lcr.g 

arroui indicates tha bary centar cf the overall distribution 

and tha shorter one that of the distribution of the values 

in winter. In Table 1 is given the nurr.ber of tha valuas 

IM (0.5577 yUnO-j. per type of overcase and the related bary 

center as well as the corresponding valuas for frequency 

distributions of all values N (0.5577 ,um). 

lie  determined 2 distributions for all values W (0.5577 

.urn), i.s. p (0.5577 ,um) and px (0.5577 .urn). At p .(0.5577 

,um), all measured values were classified as specified and 

subsequently normalized to the total number of the values. 

Since only relatively short series of measurement could 

te made, the number of the values, i.e. of the measured 
VIS 

spectra N  , per type of ovarcase should not be regard2d 

as representative for the annual distribution of night-sky 

overcast. Such a distribution also could not ba obtained 

for subsequent normalization sines tha statistics of the 

degree of overcast from meteorological observations of the 

Csn trai Office of the German Lleathar Service do not give 

any information on the type of overcast. As a substitute, 

we therefore determined here a distribution p, (0.5577 

,um) which was normalized te the equal distribution of the 

selected types of overcast T. For this purpose, the values 

p (0.5577 ,um) per class of radiance must be summated and 

normalized to the number of types of overcast, i.e. 5. 

Fig. S represents both distributions graphically. 

Fig. 7 shows that, with decreasing heaviness of over - 

cast, i.e..in the sequence of T = 0 to T = k,  the measured 

radiances increase in the mean as expected. The distributions 

p (0.5577 .urn), 3nd bary centers are displaced toward 

/13 
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higher radiances as shown by Table 1. That the value3 

measured uith snau and overcast sky ara highsr in the mean 

than those uith clear sky can ha interpreted as reflection 

of the radiation from the snow cav/er and frcn tha over- 

cast sky. The latter is eliminated uith clear sky so that 

a displacement to higher radiances does not occur. Let 

us state here and nou that, in the near infrared, an in- 

crease of mean radiance occurred in uinter also uith a clear 

sky (.cf.  Section 5.2.3). The variation of radiance at 

0.557 .um uith clear sky is so great, houever, that this 

effect is not yet statistically reliably confirmed in vieu 

of tha relatively small number cf the available values. 

i~e therefore plotted in Fig. 7 also histograms in uhich 

the summer and uinter values uere combined. The bary canters 

of these distributions can be utilized as approximation 

for the theoretical values of radiance at 0.5577 .urn. The 

deviations from thase bary centers may be very large as   /14 

shoun by the histograms.- 

Tha histogram of the values N (0.5577 .um)j_k  (Fig. 7) 

shcus -chat the uidth of the distributions is basically 

determined by the natural variation of the radiance of tha 

green night-sky line uhich is here entered as a bar ac- 

cording to the considerations in Subsection 5.1.1.  (cf. 

Fig. *♦).  Evan the form of distribution uhich is oblique 
and uhose median is less than its bary center, agrees uall 

uith the distribution of radiance of the green night-sky line 

as it is indicated in Ref. 2. The displacenant from the 

zero point to higher radiances corresponds to the continuous 

background in the range A A = 0.015 ,um in the surroundings 

of the line.  The extension touard higher radiances may 
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alr^uay contain polar lights.  In tha rjorth cf Germany 

u.-.ü utacificaliy in the Scandinavian area, it uill, especially 

in yuors of maximum sunspoto, increase to even higher 

racicr.cas and may also contain higher frequencies. 

7ha 2 total distribution in rig. 3 which are net 

differentiated characteristically, ara oblique in the same 

sansa.  The annual distribution of radianca at 0.557 ,U.TJ 

in Central Europe should lie in the neighborhood of thasa 

distributions and probably consists of a less structured 

block with probabilities on the order of 0.1 which 
-9   -2  -1        -1 extends to about 10  Ucm  .urn  sterariian  and to which 

the extension toward higher radiances succeeds which is 

car.aitionsd by paak values of tha night-sky glow or even 

by usck polar lights at C.5577 ,urn (01). It contains 

values which are encountered with clear sky. Tha values 

here occurring more frequently still lie in this block, 
-9   -2  -1        -1 i.e. below 10  ulcm  .urn  steradian 

5.2 - spectral Range between 0.7 and 1.1 .en /15 

La shall again discuss first tha form of tha night-sky 

spectrum at wavelengths between 0.7 and 1.1 ,ura and tha 

dependence on altitude of tha radiance at a selected wave- 

length, i.e. \   = l.Q.uni, recorded with a spectral slot width 

of A  j\   -  0.035 .urn and under differing overcast of tha 

night sky. Subsequently we shall statistically investigate 

tha radiances at 0.3 .urn (AA = 0.052 .urn) and l.G .um 

( A A =-0.035 .urn) as a function of the types of overcast 

defined in Section 3. 
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5.2.1 - Farm of the Spectrum i 
i 

IS 
Figs. 9-a, -b and -c represent night-sky spectra fc 

between G.7 and 1.1 .um, photographed uith clear sky 

(T = C and 4 3) at a height of h = £0°. In this spectral 

range, the structure af  the spectrum is basically simpler 

than ir. the visible spectral range. The increase of the 

radiance to Icnger wavelengths beginning here continues 

throughout the entire spectral range considered. It is 

interrupted only by the mere or less strongly manifested 

absorption band of water vapor at 0.9 ,um. Other atmospheric 

absorptions lying in this spectral range are not visible 

in the spectra by reason on the large spectral slot uiidth 

(of. Fig. 1) uith wich we operated. Absorption of uater 

vapor at 1.1 ,um could not be detected quantitatively since 

the sensitivity of a S-l cathode is here already extra- 

ordinarily low. Sinca the 0.9 .um.band also could not be 

accurately detected by reason of the high noise in the in- 

frared recordings, it is not investigated in the following. 

This would also require atmospheric moisture profiles at 

the locus of measurement which were not available. 

The entire radiance existing in the range between 7 and /16 

1.1 ,um originates basically from the hydroxyl-bar.d emission 

in the atmosphere at an altitude of about SO km. So far 

little is known on the component of extraterrestrial 

radiation from the radioplanimatric investigations in this 

spectral range.  The separation of the astronomical from 

the atmospheric component is hers extraordinarily difficult, 

particularly since the latter is probably essentially 

larger than the former which is also shown by the photo- 

graphic spectra in Raf. 10.  For comparison of the present 
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measurements with the findings of other authors, we can 

therefore turn only to the hydroxyl-band emission.  It 

snouid ba noted here that the components were also not 

separated in this study so that a comparison is entirely 

permissible. 

The radiance of the hydroxyl-band scission correlated 

to the sadiumamissicn (Ref. 5, 6, 7) shows no nocturnal 

variation in the mean but dees show an annual variation. 

In the mean geographic latitudes, mean radiances 4 times 

higher were found in winter than in summer (Ref. 5, 11). 

This annual variation (Ref. 3), mars or less pronounced in 

individual cases, is superposed by variablen between different 

nights or uithin one and the sams night where the radiance   n 

may vary cy about +/-5Ü%  according to Ref. 3. 

So far there are available ms3n experimental and theor- 

etical band intensities (.Rsf.  1. 2, ID) which agrsa well 

and permit the assumption that the relative form of the 

hydrcxyi-band spectrum remains largely constant although 

this question so far has experimentally not been accurately 

investigated. From indications in Ref. 10, there was 

constructed, for the spectral slot width utilized, a schematic:' 

maan night-sky spectrum between O.S and 1.1 ,um. Disregard- 

ing the net very intensive CL band at Q.S65 ,um (5QD S), 

the values represent only hydroxyl-band emissions. 

Fig. 10 represents this schematic spectrum together     '^ 

with the schematic spectrum starting at 0.5 ,um (Fig. k) 

whars atmospheric absorption was not taken into account. 
For comparison, a spectrum was composed in Fig. 11 of the 



2 spectra in Fig. 3-2 and 9-a. Thp.  absorption- at 0.9 ,um 

can hers by clearly recognized.  Hath representatives agree 

well in indicating tha high increase of radiancs cf tha night 

sky in the near infrared.  It is in general not adequately 

manifested only ay reason of tha decreasing recaivar sen- 

sitivities in this spectral ranga. 

This simple and characteristic form cf tha night-sky 

spectrum between 0.7 and 1.1 ,um remains basically praservad 

evan with overcast sky as is demonstrated by tha spectra 

fiin  in Fig. 12-a to -d. 

From tha above considerations, tha Farm cf tne hydrsxyi- 

band spectrum of the clear night sky can ba assayed as 

cons-ant, disregarding atmospheric absorption. If we assume 

further that the radiance of the hydroxyl-band emission 

aid not essentially changa during photographing of a spectrum 

(generally 7 min), than the relation 

,A _ n Ci.o 7um) /i8 
a i\i )0.ö ,um;   

can ba employed for characterizing the farm of the  spectrum 

under different types of overcast.  Gamma theoretically 

possesses the value cf U  (cf. Fig. 10) if atmospheric 

absorpitan is not also computed.  The valuas 1.0 -urn and 

O.S ,um ware selected becausa tha radiances decrease at 

\ lass than 0.5 ,um and tha sensitivity of tha S-l cathods 

greatly decreases at \ greater than l.Q ,um which would 

lend to large errors in both cases. The radiances at both 

wavelengths but especially at 1.0 ,ura are influenced by 

the absorptions bands of water vapor at 0.9 and 1.1 ,um so 

that thasa are considered in part in the empirical detection 
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tha form of tha night-c'<y spectrum through the reiu-icn 

In  order to obtain mean valuer for qv.~rr.ti,  u:~  calculated 

»he mean value 

V /    \i(0.6/L.-)T/' 

for each type af overcast T = 0 + 0 5, 1 + i S, 2+2 5, 

3 1- 3 S and U  + ^ S.  These values- ara indicated in Table 

2. uith decreasing overcast, thay increase from 2 to 3. 

Thaa öhe value H is not attained ar.d that (gamma-) Evan 

c'raaa to 2 under precipitation must be eseribed primarily 

to tha absorption of water vapor Linien influences tha 

value ?* (1.0 ,um) more strongly than the value i\! (C.S ,um). 

Far this reason (gamma-) drops uith increasing uiatsr-vaaor 

At icu spacarsl resolution, the slope of the spectrum 

therefore crops in the naar infrared. Tc uhat degrea, 

in aadition to the absorption in bands, tha dapenaanca on 

uavalengtn of the continuous raouction of radiation participates 

in this and unat form the latter possesses cannot ba determined 

from tha present material.  This mould require measurement 

above and fcaiou a cloud cover as already stated. 

5.2.2 - Radiance at 1.0 ,um as Function of Altitude aaova 

Hori zon 

In complementation to Section 5.12, we should no-a hare 

»** M  w ha variation of radiance at  1.0   ,em uith aiöituae is 
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vary minor even in the clear cky as choun by Fig. 13. 

Tiiia must ba again ascribed to tha absorption a?  uat^r 

u£pcr a- 0.9 and 1.1 ,ua  uhich increases uitn decreasing 

altitude rnora than extinction a- 0.5577 ,un end influences 

tha rsciance measured 2t i.Q ,un. Uith ovarcsst sky, ;r.a 

dapur._ar.c3 on altitude is even less ES is shsun dy tns 

values in Fig. 13 in spits of 'chair considerable scat-aring. 

Accordingly, 'ja assumed the values rcsasurad at various 

altitudes in the investigation c? radiencs as a function 

of types of ovarceot, to be statistically aquivalant. 

5.2.3 - Radiance at 0.6 and 1.0 ,um. under Diffaring Cvarcast /^g 

of the P.ight Sky 

As for K  (0.5577 .u.-), histograms p (0.8 ,um)_ sr.Z 

p (i.G ,um), oT  tna frequency distribution of radiance 

uara asterninad also for W (0.3 ,um) and fJ (l.Q ,ux). 
-10 

T.-.a u.ioth of the radiance classes utilized ues 1.5 x lu 
-°        -1        -1 Lien " ,um  stsradian   at i.O ,um. The relation of tna 

individual radiance ciacsas is of approximately tha same 

magnitude as the relation of tna rr.san radiances at thaae 

wavelengths. Consequently, tna occupation per radiance 

class also lies around tha same order of magnitude. 

Fig. lit and 15 graphically raprasant the histograms 

p (C.5 /U.-n)_ and p (i.Q p-.i}T unera tha distribution of the 
^     /  i        •  /  i 

values measured uith snoj are again shoan in hachures. 

The barycentsrs of the cistributions are entered as arrows. 

Tha snort arrows correspond to measurements in uinter. 

Fig. 16 and 17 represent the overall distributions 

p (0.9-yom) and p, (0.8 ,um) and/or p (i.C.U.TI) and p (1.0 ,um). 

p ( A ) again represents the distribution of tha valuas 
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macaur-a1 hers. At p. ( A ), the ecuipartition of the types 

of overcasts uas assumed as already discussed in Section 5.1.3. 

Table 3 indicates tJ-.2 measured number of radiance values 

par -ype of overcast 2nd tha locus cf tne bary center of t.ie 

respective Distributions. 

/20 
rig. Ik  end 15 indicate tna-, as expected, the          

measured radiances increase in the r-.ecn uith decreasing in- 

tensity cf the cvercast. However, the increase is less 

s.nan at G.557 ,um as slioun by a comparison of the bary- 

cantera (M C \ )-) in Table 1 and 3.  The radiances measured 

uitn snou in the mean shou higher values uiüh all types of 

overcast and even ulth a clear sky.  This can be easily 

escriaad tc the annual variation of the hydraxyl-bar.d 

smicsicr.. In comparison to this fact which may lead in 

uintsr tc an increase of mean radiances by factors of as 

much as k  (Ref. 5, 11), the component of tna radianca re- 

flected from the snau cover and subsequently from the over- 

cast of tne night sky in total radiance is probably minor. 

As for G.5577 .urn, these statements must be tested at th.2 

proper time from a larger than the present number of measure- 

ments uhere particularly the spectral reflectivity and 

trancmissivity of the overcast needs to be investigated in 

detail. 

Tne barycenters of the histograms grouping the summer 

and tna uinter measurements can be utilized as approximations 

for the theoretical value cf radiance of the night sky at 

C.S and l.Q ,um under different overcast.  The scattering 

of the radiances is demonstrated by the histograms in rig. 

14 and 15. 
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Beyond this, the histograms p (O.ß yum). . and p 

(1.0 »urn),.  . show that the width of the distribution is 
/  T = u 

again given primarily by the natural variation of the 

hydroxyl-band emission which was shown as bar and lies around 

tha same order of magnitude with overcast sky. The values 

of the schematic spectrum in Fig. 10 were utilized here and 

only the variation of +/- 50% given in Ref. 3 uas assumed 

but which probably contains the essential part of the short- 

interval and long-interval variations of the radiance of 

the hydroxyl-band emission. 

The total distributions in Fig. 16 and 17 should not    /2* 

differ greatly, in accordance with the discussion in Section 

5.1.3, from the annual frequency distributions. They are 

oblique but are clearly differentiated from the total dis- 

tribution of the values N (0.5577 yum) which consists of 

a little-structured block of about constant probability 

with an extension toward higher radiances. 

There exists here a steep rise to which succeeds a 

uniform drop with a very short extension toward higher ra- 

diances. Since the rise lies at the locus of the noise 

of the measuring apparatus utilized which corresponds to 

an input signal of 5 x 1Q~ Ulcm" -um" steradian   at A 

= 1.0 ,um, it is not necessarily a component of the true 

distribution of the nocturnal radiance in the near infrared. 

The latter therefore decreases from frequencies on the 

order of 0.2 at very minor radiances relatively uniformly 

to very small frequencies since it reaches approximately 
-9  -2  -1       -1 -S   -2 

2 x 10 Ulcm  ,um steradian  at 0.9 yum and 5 x 10  won 
-1-1 ' 

Aim steradian * at 1.0 yum. 
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5.3 - Correlations 

It would seem desirable to be able to conclude from 

measurements in instrumentally easily accessible spectral 

ranges on the radiance inlarger or other ranges. 
i 

This possibility does not exist in the visible spectrum 

because the radianca of the 3 intensive night-sky lines is 

not correlated. If such statistical mean values as made 

available here are insufficient for some given problematics, 

measurements must then be made for the respective spectral 

region under consideration. In the near infrared, however, 

it is possible in principle to determine the spectral 

radiance at a given wavelength in an arbitrary spectral 

interval with reasonable reliability through measurement 

at some wavelength starting from about 0.67 ,um (Ref. 5),    /22 

except for regions of higher atmospheric absorption. For 

this purpose, the variation of the form of the spectrum at 

wavelengths between Q.6 and 1.1 ,um or beyond must still 

be investigated in greater detail. For the time being, the 

factors (gamma ,) given in Table 2 and the schematic sprectrum 

in Fig. 10 can be utilized to conclude from measurements 

at 0.8, 1.0 or adjacent wavelengths on the radiance and 

other wavelengths. 

6. Conclusion 

The findings of this study make it possible to indicate 

empirical mean values for the radiance of the night sky at 

0.5577 .urn- (green night-sky line), O.fl Aim and 1.0 .urn 

(hydroxyl-band emission) under different overcast. It is 
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furtner possible to make initial statements on the form 

of the night-sky spectrum at wavelengths /^   between Q'*5 

and 1.1,urn. 
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Appendix C—The Light of the Night Sky: Astronomical, 
Interplanetary, and Geophysical 

This material was originally published as Roach, F.E., "The Light of the Night 

Sky: Astornomical, Interplanetary, and Geophysical," Space Science Reviews 3 (1964), 

D. Reidel Publishing Co., Dordrecht, Holland, pp. 512-540. Reprinted with kind 

permission from Kluwer Academic Publishers. 
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1. Introduction 

At night, terrestrial man is bathed in a gentle flow of visual radiation or light. 
flux is due, in large part, to his unique and privileged location in the universe. 
appearance of the "sky" to a randomly located intergalactic observer with "hun 
eyes would be in dramatic contrast: no individual stars would be visible, only/1 
integrated light from the many but very distant galaxies. A few of the galaxies w3| 
be separately visible, as is the Andromeda nebula to our eyes. 

An interstellar observer in a galaxy such as our own has a different view. In^| 
vicinity of the sun he sees the Milky Way much as we see it from the Earthjl 
without the competition of solar system and terrestrial light that plagues the < " 
bound astronomer. His sky is more than a hundred times as bright as the interg 
observer's. 

A move into the solar system but away from the luminosity originating 1 
planetary atmosphere introduces a new source of light. If, for example, he stand? 
the moon and looks at the sky in general, only about one-third of the light is integra 
starlight and about two-thirds the so-called zodiacal light. The visual contrast beti 
the Milky Way and the general sky background is greater than on the earth's su 
but less than for the interstellar observer. If he is able to occult the sun and loo? 
a direction of 5° elongation along the ecliptic, the brightness of the zodiacal lig 
some 200 times the brightest part of the Milky Way and therefore overwhelms it^J 
zodiacal light in the ecliptic is brighter than the brightest part of the Milky Wa| 
an elongation of about 50°. 

Our observer now moves to his terrestrial platform where he can live and 1 
and look at the sky in comfort, augmenting his visual observations with insi 
which can be firmly established on a solid base that conveniently rotates and re»| 
in times short compared to a life span. But a price must be paid for these emolunwa 
an additional primary source of radiation, the night airglow or nightglow, is i 
duced from the upper atmosphere, and the lower atmosphere interferes witiS 
measurements by scattering and attenuating all primary radiations. Two consolktj 

* Contribution number 73. The report was written while the author was a Senior Specialist I 
East-West Center of the University of Hawaii - on leave of absence from the Central Radio I 
üon Laboratory of the U.S. Nauonal Bureau of Standards, Boulder, Colo., U.S.A. 

,   "  © "■— -~"w.«, « oywimig vciiiiuc mat suouiu inspire nun 
„oic efforts, And second, it may be said that conditions for observing the universe 
[the Earth might have been much worse except for the circumstance that the 
»rhelmingly largest night airglow component (the OH, hydroxyl, radiation) is in 

fnear infra-red just beyond the sensitivity of the human eye. Were this radiation 
ajtrated in the visible part of the spectrum, the Milky Way would be lost in the 

jäjw glare. 
|We have assembled the general information discussed in these introductory remarks 

TABLE 1 
APPROXIMATE INTENSITY OF VISUAL RADIATION AT VARIOUS LOCATIONS IN THE UNIVERSE 

IN Sio (VIS) UNITS 

Observer 

In intergalactic     In interstellar    In interplanetary On the earth 
space space space 

rated nebular light 
1 starlight 

[light 
t airglow 

1 
100 

1 
100 
200 

1 
100 
200 
150 

101 301 451 

»Table 1 to illustrate the numbers involved and, further, to present in outline form 
Fcpntents of this review paper. It is proposed to proceed from left to right or from 
»to bottom in the table which may be taken as from the fundamental to the super- 
TL from a random position to a privileged one. 

t^may be noted that the advantage to be gained by escaping from the earth's 
[face into interplanetary space via an artificial satellite is real but not large within 
Ö»ntext of this discussion (compare columns 4 and 5 in Table 1). Necessarily all 
ues of general sky brightness will, for the interplanetary astronaut, involve both 

1 light and integrated starlight to the disadvantage of the latter. The particular 
ntage of a satellite program is in the exploration of those wavelength regions to 
i the human eye is insensitive and the terrestrial atmosphere impervious. 

2. Comments on the Visual Spectral Region 

Ipneral treatment might well include both paniculate and electromagnetic fluxes, 
i a limitation to electromagnetic radiation should include such extreme manifes- 

jgns as X-rays and radio emissions of cosmic origin. However, this review is 
jgcerned chiefly with intensities in the electromagnetic octave designated the "visual" 

Space Science Reviews 3 (1964) 512-540; © D. Reidel Publishing Company, Dordrecht - Holl 



^pectn 
class, of stars brighter than visual magnitude 6. The upper part of the plot shows 
wavelength corresponding to peak intensity assuming that the superficial tempera 
of a star may be treated as a black body temperature. There is an observatiot 
favored domain between 3000 A (the atmospheric cut-off) and 8000 A where 

Fig. 1.   Distribution of the bright stars according to spectral class (below). Wavelength of i 
intensity of starlight according to spectral class (above). 

hydroxyl nightglow bands become sufficiently strong to interfere with astronomic 
observations. Within this spectral region, stars of classes A, F, G, and K, comprisis 
75% of the bright stars, have their peak intensities. Even allowing for the likelihocL 
of observational bias in Figure 1 in the use of the bright stars relative to a population 
of all the stars in our galaxy, it is apparent that any systematic data for the visu' 
region should be reasonably representative of the stellar sample. 

The_ complications involved in piercing the terrestrial nightglow haze in order I 
gain knowledge of non-terrestrial light sources is apparent from an inspection < 

Bt S57T 
|ög 6300. «364 

»»»"iliiiTlliiit 
OH    |       1.1 

E>8 SOTTI    I MD 

I   II   I    I    II  I II      I      I 

* Taken from TRUMPLER and WEAVER (1962), Table 4.4. 

3000     4000     6000     COOO     7000     6000 
WAVCLEN6TH IN AKSSTROU UNITS 

£l   The principal emission features in the night airglow arranged roughly according to their 
emission heights in the atmosphere. 

Fligure 2 showing the distribution of many of the emission features of the glow. A 
fäscouraging fact is that even in the regions between prominent emission lines and 
Hands there is no known wavelength in which there is no nightglow continuum - and 
fsBch a continuum cannot be discriminated against with respect to zodiacal light or 
Fffitegrated starlight by decreasing the band pass of a filter. 

3. The Plan of the Paper 

i proposed to treat the problem of faint optical radiations in the universe as 
follows: we shall select a spectral region (5300 A) near the center of the visual sensi- 

iriiy curve. For this wavelength we propose to examine surface brightnesses of the 
Sight" sky proceeding from intergalactic to interstellar to interplanetary space and 

l to the earth's surface. 
fAt the earth's surface we shall then introduce the wavelength as a parameter and 

iss the nature of the nightglow throughout the visual spectrum with some com- 
hts on its nature in the near infra-red. 

4. The Intergalactic Observer and Integrated Light from 
Extra Galactic Sources 

border to obtain an approximation of the brightness of the "sky" in intergalactic 
«ce, we make the following assumption: There are 106 galaxies uniformly distri- 

1 throughout a sphere of radius 300 megaparsecs (9.27 x 10" cm) each having 
£x 1010 stars (suns). 



Let p = space density of the individual sources which will be treated ,. 
On cm  % r = the radial distance in cm, * = the radial distance to he bouni > 
the sphere in cm, B0 = the flux from each galaxy, and L = the brigltTeTr 
observer in the center of the sphere in flux cm"2- sphere ~ >. Then ** 

K 

[47zr2-p-Ba-dr 

r2 
L = j -       y»_^. = 4J:BQPR_ 

o 

In our example £0 = 5 x 1010 suns, p = 3 x KT76 

And L = 3.907 x 10 ~n suns per sphere. 
It is of interest to convert this to S10 (vis) units* 

3.907 x 10_n x 4.875 x 101* 

cm"3, * = 9.27 x 10"; 

4.1253 x 10* = 0.46 S10 (vis) units 

or about 1/600 the brightness of the terrestrial zenith sky on a moonless night 
energy flux of visual light in intergalactic space is 5 x 10"' erg • sec -  crÄ * 
sphere) and the energy density 7 x lO-erg-crn'Mt is ofLerest toToteS" 
»ergy density of starlight in our galaxy and that of cosmic rays a°e bo h 
10  l2 ere-cm  ]  An™  lQfirv 3 uvm 

'erg-cm-3 (ALLEN, 1963) abon 

5. The Interstellar Observer and Integrated Starlight 

Tbe first telescopic observers of the Milky Way were thrilled by the evidence that wl 

strTx Si       0f T C v'd be reSOlVed int° ™US *»***«£S2 stars This paper is really an htstorical retrogression to the more primitive view of i 
^thesis o the individual stars into an integrated surface brightness. Bu it WJ 

TXZZ :xanune m pasfg> some of the results °f th0se wh0 *™ "™<* stars m order to gam an insight into the structure of our galaxy 

,«/? "TT theuStafS individuallyis «rtaMy a supra-human task (there are aboU 
IO    tars brighter than photographic magnitude 21). Early in the 20th century, * " 

SÄr^f " C00perative iate™tional program of star counting in Sei* 
^ If f 1 !m; rT1 systematicaUy °v«the sky. The simplest measured 
^ hat of the total number of stars in each Selected Area for longer and Ion 
exposure times corresponding to fainter and fainter limiting magnitudes h 

In a classical repo.t«, details of such a study are given. An idea of the size of 

ÄteSÄ^ RICHM0ND (1925)> MoUnt Wüson C°"~" n-bcr 3o| 
:Sd^ZZmiXmm deC"nati0n °f ^ Mt- Wfls°» Program was - 15«, hence the omission! 

L photographic magnitude 18. The total number of stars over the sky to this 
ffihhig magnitude comes to about 3 x 108 so the sample ,s 6.5683 x 10 / 
fitf = 0 00022 of the total. Another estimate of the sample size may be obtained 
line fact that the region measmed on each plate was 0.1154 square degree com- 
i with the 41253 square degrees over the sky. Thus the sample is 

(0.1154 x 139)/41253 = 0.00039 of the total. 

be anticipated that the sampling method employed will be useful'in delineating 
Enay 

m<J>g) 

4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 

TABLE 2 
THE GALAXY (THE KAFTEYN UNIVERSE) 

Total tfumber of Stars 

Density of stars central 

Thickness 
To 1/10 density 
To 1/100 density 

Diameter 
To 1/10 density 
To 1/100 density 

Distance of the sun 
from center 

47000000000 

45/cubic parsec 

550 parsecs 
1700 parsecs 

2800 parsecs 
8 500 parsecs 

8000 parsecs 

TABLE 3 

SUMMARY OF STAR COUNTS BY MAGNITUDE INTERVALS FROM MW 301 

log A (my 

fc = 0 = 90" 
Mean 

(p = 0to 90) 

log T(m) 
b = 0 to 90 

(over entire sphere) 

-1.781 - 2.320 - 2.035 
- 1.326 - 1.861 - 1.580 
- 0.875 - 1.416 - 1.130 
- 0.428 -0.984 - 0.688 
+ 0.016 - 0.567 - 0.252 

0.455 - 0.170 + 0.175 
0.889 + 0.209 0.591 
1.314 0.565 0.995 
1.733 0.898 1.338 
2.141 1.205 1.767 
2.532 1.491 2.127 
2.902 1.752 2.471 
3.248 1.988 2.795 

3.571 2.194 3.095 
3.874 2.374 3.373 
4.153 2.531 3.626 
4.405 2.654 3.857- 

4.631 ^743 4.067 

2.580 
3.035 
3.485 
3.927 
4.364 
4.790 
5.206 
5.610 
6.003 
6.382 
6.742 
7.086 
7.410 
7.710 
7.988 
8.241 
8.472 
8.682 



attempt to depict detaiied structure. Kapteyn was able to synthesize the resut *1 
hen avaUable statical results into a generalized morphological pi«ur ^i 
Kapteyn Umverse" of our galaxy. Emerging from the ensemble of Sjf? 

£ xäeir1 revoIution of stars of diameter some five «—SÄ 

Fig. 3. 

S.„ l0 B ST 
APPARENT   PHOTOGRAPHIC   MAGNITUDE 

Logarithm of the number of stars per magnitude interval as a function of the appa 
photographic magnitude (from Table 3). 

Senon-SntT     1  Con/fratio^ ** the purposes of the present discussion* 
the »co«ntnl posrtion of the sun in the galaxy. We find ourselves close enough« 

£ celr S     ^ -ltMake Ae Part °f Ae ^ Wa* seen » *e direction o| 
the center significantly bnghter than that in the opposite direction 4 

verv^nem^ti°,V^COntinUe a discussion °f ®^ structure from star counts it 
very strong indeed.* The grandeur of the morphological picture is both overwhelming 

and^Ä^ weu AS?? * CODOentrated s£udi« °f »**r Panulax, proper mo Jf 

jitoga general bas.s for the estimation of the conmouuon ui m^— =~ 
£ nocturnal sky to which subject we now return. 

"star counters always refer their counts to "numbers per square degree   of 

TABLE 4 

INTEGRATED STARLIGHT *ROM STAR COUNTS 

JiPg) /(vis) 
b 

MW301 G*43 Difference GÄ42 

0 
5 

103 172 69 372 

93 116 23 246 

77 84 7 175 

15 61 66 5 136 

20 48 51 3 103 

30 34 35 1 69 

40 
50 
60 
70 
80 

26 

18 

27 
22 
19 
17 
16 

1 

1 

52 
41 
36 
32 
31 

90 14 

'        SALICTIC   LATITUDE 

Ä.^eva^onofmteg^ 
[racebetween the integrations based on OK<W anu m.»™ •- L~-    Delweenuwm  *■ companson of the two lower curves. 
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the sky and for convemence we shall follow them in adopting as a umt for th, •5 

Station of radiation from the star background the "number of equ.valtt tel * 
nitude stars per square degree" which will be designated S10 (vis) or S 1 r 
pendang on whether we use the visual or the photographic A*1* ' 

Some gross results of the counts themselves are shown in Table 3 and Fi„    * 

s^thTTtIOn,h°f ^ 3 Sh°WS a nUmbCT °f ftatUreS- T* -ales hav^een 2 
so tot a logarithmic difference of 2 (factor 100) ,n the ordinate A (m), the nS 
of stars per magnitude interval, is the same as a magnitude difference of sTrf 
abscissa, a factor of 100 in the brightness. Thus, if theTlope of a^obTe ved    ^ 
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Fig. 5. 
Total integrated starlight in number of tenth magn.tude (vsual) stars per square degree! 

galactic coordinates. •a* 

Ssestdtn'e to J      ^ *" ^^ ^ rap^ than 'heir »**4 
Seles 2„? o   H   ?D    :T t0 thC integrated starIi*ht increas*- SiXlyl 
SrS MeetLn   f r     a It"11118 COntribution f« ««»sive magnitude Jt 

Th™ for A     ' T 7   -° C0™P™*s t° the maximum contrition.     f 

thatlr b     i       (S  T^ IatltUde) = 9°° indiCat6S a maxim™ ^ - <M> - 1 that for b = 0  near m (pg) = n. The upper curve of Figure 3 is a tJot based on 

^TwTv r aU ValUeS °f thC **** IatitUde" lD 0^ - -feftomtl e«;re sky the values per square degree have been multiplied by 41253 (the numbl 

M£ «Til? VPhere) t0 *" th£ ^ in Ae IaSt -W of (Taole 3 1 
ave~„ ,H °K    "! C0UntS reCOrd n0t the number of stars, ^ («), within* 

F7O0, and ± 80° (10296 entries for 792 regions in the sky). It is apparent that the 
ttries for a given region must be significantly smoothed since the basic information 
ftot star counts for the 206 Selected Areas. The reader is referred to a paper by 
goACH and MEGILL (1961) for a numerical integration of the total starlight deduced 
^n the VAN RHIJN (Groningen Publication 43) tables. Total integrated starlight 

rfuced from both GR 43 and the MW301 contributions is shown plotted in Figure 4 

0 100     '    200 300 400 
INTEGRATED STARLIGHT IN Sl0(vis)  UNITS 

FROM ROACH AND SMITH 

LÜg. 6. Plots showing the relationships between the observational measurements of integrated star- 
[ light of ELVEY and ROACH (1937), ELSXSSER and HAUG (1960) and those of ROACH and SMITH (1964a). 
tAlso the integrated starlight deduced from the Groningen 43 star count tabulations (ROACH and 

MEGILL, 1961) is shown plotted against the recent ROACH-SMTTH measurements. 

L&om the entries of Table 4. For low galactic latitudes, the GR 43 results are system- 
atically higher than those from MW 301 but the discrepancy between the two in- 
vestigations is trivial for high galactic latitudes. 

This review of the available information on star counts has been made for the 
rpurpose of introducing an isophote map depicting the total starlight over the entire 
pky (Figure 5), based on the star counts in GR 43. The map has been used extensively 
jby photometric observers but should probably be considered as too crude for detailed 
Studies especially near the galactic equator where the scale is in question (Figure 4) 
paid the resolution is doubtful. Some comments on the map will perhaps indicate the 

Jfcfeervations that should be exercised in its use. 
(1) The great rift in the Milky Way, so apparent to even a casual observer is not 

[shown, 



(2) The maximum brightness is at b = - 1°, 1 = 242° (a = 9* 2(w * 1 
in the constellation of Canna. This portion of the Milky Way is almost 90% "' '' 
*e bright star cloud in the constellation Sagittarius which tog  her Z £>** 

TlelMr " genera"y COnSldered the «*« Part «** Müky WLI 
ba<? K 

1S en§aged in th£ PreParatioi °f an isophote map of the SI 
Wal 0bSerVatIOnSwithaPholoek«ricphotometer.Whatisi„prin jÄS 
forward measurement is severely affected by two technological problem L Tf* 
«htai,on of the photometer and the proper allowance for the^dLTa 11   *ß 

XT™ T
:,° TT 

r MiUcy Way maps might be ^^T^Zul 
2SS r Tin thdr attempt t0 eStabHsh the ™<* of the so!" 
WH      f'      eX°eSS °f the °bSerVed intensities °ver fte me«« star count nte based on BOTTUNGER'S (1932) integration of MW 301 countmte 

the M^vT1? E^fÄSSER aDd HAUG (EH) (1960> taw PuWis^ «ophote mal 
feMilky Way based on their photoelectnc observations. In Figure 6 are sbSl 
Äships deduced by ROACH and SMITH (RS) between the LVR, he EH and! 

^uTSr^i thT meaSUred "** W" *»**■ dative SI 
be weTn the S 4?i t ' "^ ** ^ ^ the EH °n6S low- The ^tio J betjeen the GR 43 integrations and the RS observations will be discussed in the^l 

6. The Galactic Light and the Interstellar Dust 

^interstellar region is not empty space. There are some atoms present - enough! 
produce absorption lines over astronomical distances. That there is do some dl 
concentrated toward the galactic plane .s indicated. In s^on^ZS 

few ^.f tbe 8aIactic «l™** are reduced on an average of 0 67 magnituf 
(Photographs) per fciloparsec of distance from the solar system; ^ " 

(2  They are diminished by 0.35 magnitude (visual) per kiloparsec; 

tween thV^      u"COl°J e*CeSS"' ^ Kdde™g measured ^ ^ ^rence 
«)tÄPhlCr   V1SUal effeCtS'is °-32 ™^<* Per kiloparsec;     -* 

the?2n^tSTSaDdreddenStheIi^tfr0maParticulars£arbutaIsoscatte 
obi™  Stf w' "^ °f ^ SCattered ,ighl bein* in the *«*<» °f « 
£Z 7 * P°SSlb,e t0 h3Ve a SitUati0n iD which an »Server m a particular 
i:C;u;

S the S0lar ^ -y find the total astronomical light froml 
parfcularly dusty regIon to be greater than the total inferred from the summauoS 

^^m^^^^'^T^^ ** «"* «-"""»«on of stars in Sagittaril 
, «nasses H^sumr^S- m™t rSl,t l^0" "^ **" * Up ln ^ CumUl2 
: Sagntanus cloud coming up in ü^uo St^t r yT8 "-"T™ he Was once fooled by *« 
.' of meteorological clouds Th, iu^, °f recordln« m h" observing book the «is« 

«in »ÄÄxts'flwr    tt the Mght progressed- 

L light from all the stars.* And to state an apparent paradox: the heavier and 
L, Ae dust cloud the greater may be the excess due to such scattered light. 
■Sort 1937 two papers appeared independently on the subject: one theoretical 

gf 0„e observational. The numerical agreement between the theoretical predaction 
Le case of our galaxy and the observations was, as it turned out, probably too 

7to be true". WANG SHIH-KY (1937) derived a theoretical value for the diffuse 
jactic light from a dusty region of about 1/2 the average light impingm«; on the 
En over the entire sphere surrounding it. According to SHARES et al. (1925) the 
£l intensity of starlight over the sky is equal to that from 577 stars of photograph« 
sLtude 1.0 or 56 stars of magnitude 10.0 per square degree. Thus Wang s pre- 
Son calls for a galactic light of about 28 SI0 (ph). ELVEY and ROACH^1937) con- 
ked from their measurements that the mean galactic light in the Milky Way was 
lout 55 S10 (ph) units, twice that predicted by Wang Shih-Ky but, considering the 

ifficulty ofthemeasurement.it was considered at the time tbattheoryandobservaüon 

•A* reconciled in terms of a galactic dust cloud which obscures stellar members of 
ISur galactic system as well as more distant extra galactic nebulae located m the line 
\sight behind the cloud and at the same time scatter the light from all the stars to 

ike the dark cloud grey. . 
m HENYEY and GREENSTEIN (1941) examined the galactic light problem by making a 

.totometric study of two regions of the Milky Way, one in the constellation Cygnus 
Rnd the other in Taurus-Auriga. Stars brghter than visual magnitude 15 were ex- 
fchided Their interpretation resulted in numerical values similar to those reported by 
RVR for the same regions. The agreement may be fortuitous since the twc, investt- 
gtions used different star count data: LVR used BOTTLINGER (MW 301); HG used 

|VANRHIJN(GR43)**. _,       ... 
H It is the opinion of the writer that the question of the existence of the galactic 
rLt should be reexamined. The reasons for this opinion are as follows: 

W (1) There is evidence that the absolute calibration of Elvey and Roach was too 
Jgh and that their measured intensities should be multiplied by 0.7 (ROACH et al., 
§54). Such a correction would reduce the deduced galactic light. 
Ü (2) ThepredirtedintensitiesofintegratedstarHghtinthevicinityoft^MukyWay 

Re very uncertain, as witness the discrepancy between the MW 301 and GR 43 results. 
1 (3) The estimation of the galactic light should be based on photometric measure- 
ments coupled with star counts of the region in question rather than mean star counts 

Lpf a large sample. _   . j 
|, The problem has been brought to the fore recently in a paper by ELSASSER and 
LHAUG (1960), already referred to. The general intensity level observed by them is 
Pouch lower than that of Elvey an,d Roach and even than that predicted by the GR 43 
gar counts. By comparing their measurements with the star count predictions from 

B The scattering by the dust is similar to that experienced in the solar system leading to the zodiacal 

Bta HÄ2 «tnanc Terence between the BotUinger integration of M, Wiison 301 
pod that based on Groningen 43. 
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MW 301 (much lower than those for GR 43) it is still possible to infer a galactic lii 
Proceeding in this way VAN HOUTEN (1961) has concluded that the galactic ligbtj 
the galactic plane is about 12 S,0 (ph) units. But, if the higher intensities of GR4) 
are taken, the galactic light comes out to be negative, an obvious impossibility. The 
is evidence that the Elsasser-Haug absolute calibration may have been low whw 
further adds to the difficulty. 

Referring again to Figure 6 we note that Roach and Smith found that tin 
measured star background intensities were 1/0.794 = 1.26 times those predicted \ 
the GR 43 star counts.* This would correspond to a galactic light of (1.26 - 1.00) 3 
172 = 45 S10 (ph) units for galactic latitude 0°. 1 

The establishment of reliable values for the brightness of the galactic light oril 
nating in scattered star light from galactic dust is a problem of fundamental intere 
It is the writer's opinion that all published values, including those to which he 1 
contributed, are provisional. 

7. The Zodiacal Light and Interplanetary Dust 

In the previous section we introduced evidence that, in a distance comparable to U 
dimensions of our galaxy, there is enough line-of-sight dust to (a) seriously weake 
or even obscure light sources behind it and (b) scatter the light from all the stars.,' 

Turning to our solar system we must recognize that the amount of solar syste 
line-of-sight dust in distances measured in Astronomical Units is not enough to ■sr. 
any significant or measurable contribution to the extinction of stars seen through i 
Hence, relative to the light flowing onto it, the amount of scattered light from inta 
planetary dust must be very small. But in absolute terms, the nearness of the verj 
bright sun makes it pertinent to look for dust scattering effects even if the total line 
of-sight dust in the solar system might be as small as 10"8 times that in galactjl 
space.** These general considerations lead us to the not too surprising observation 
that there is indeed evidence for the existence of such interplanetary dust in what"f 
known as the zodiacal light which in its brightest portion, as observable from : " 
earth's surface is about 10"' times the surface brightness of the sun and some 
times the integrated brightness of the starlight. 

Even in the portions of the sky where the zodiacal light is at its weakest it is aboii 
equal in brightness to the average starlight intensity. This brings us to one of thosl 
"accidents" which makes life so interesting on our planet - if the dust concentration 
in the solar system were say ten times its actual value we should have a night sky so| 
bright that astronomical features such as the Milky Way would be visually lost in thef 
zodiacal light haze. 

The zodiacal light has long been known to be concentrated near the ecliptic. 

* Roach and Smith used star count integrations for specific regions of the sky rather than average! 
values. ;» 
** One star (the sun) at a distance of 1 Astronomical Unit is about 10s times as bright as the totality! 
of all the non-solar starlight as seen from the earth. "™ 

THE UOKT OF THE NIGHT SKY 

M 7 is shown, on a linear scale its intensity in the ecliptic as it can be measured 
^earth's surface for elongations, *, extending from 30° to 180» (gegenschein) 

on a recent study by WEINBERG (1963). In Figure 8 is shown, on a double 
i scale the variation of the intensity in the ecliptic to the sun. tab m- 
Z% observations of the F-corona (presumed to be the zodiacal light m line of 
Ulow to the sun), (b) the zodiacal light and gegenschein from.ROACH, PETTTT, 

T 1 

MEAN   ZODIACAL   LIGHT 
IN   ECLIPTIC 
(WEINBERG) 

POLARIZATION 

150 50 K)0 

ELONGATION   IN   DEGREES 

as the counter-sun position is approached (s = issu ). 

[TANDBERG-HANSSEN, and DAVIS (1954) and from ROACH and REES (1955),^ and («J 

^measurements of the zodiacal light in the domain 30» > . > 5'^ «J£"£ 
[high altitude eclipse measurements of Blackwell as recorded in Table 3 of INGHAM 

prSe evaluation of the brightness of the zodiacal light as a function of ecliptic 
(latitude becomes progressively more and more difficult as the jcle of the echpüc, 
[approached because of the uncertainty introduced in the subtraction;«f the otirer 
^principal components of the light of the night sky - the airglow andI the n egrated 
flight In Figure 9 is shown a plot of the brightness of the zodiacal light for 
h-X=90°, from the eclipti   (/» = 0°) to the pole (ß = 90°) based on a current 



study by ROACH and SMITH (1964b). It is worthy of note that at the ecliptic pole ♦ 
brightness of the zodiacal light is approximately 100 S,0 (vis) units. 

The interpretation of the physical composition of the interplanetary medium 1 
sponsible for the zodiacal light is facilitated by evaluations of both its brightness 
its polarization. Within the past decade the tendency has been to ascribe a major i 

~~1 I 1  
BRIGHTNESS   OF 

ZODIACAL LIGHT IN  ECLIPTIC 

lotfiso* 

0 I 2 
Log,. ELONGATION IN DEGREES 

Fig. 8.   The brightness of the zodiacal light in the ecliptic versus the elongation angle, e, from t 
sun's limb (F-corona) to the gegenschein (note the log-log scale). Sources of information are BLAO 
WELL as quoted by M. F. INGHAM (1961) from the solar limb to « = 30°; ROACH, PETTTT, TANDBERS 
HANSSEN, and DAVIS (1954) for 100° > e > 30° and ROACH and REES (1955) for 180° > e > 10 " 

of the polarization to "dust" particles and a minor part to interplanetary electrons 
In Figure 7 we show a plot of the polarization of the ecliptic zodiacal light as i 

function of elongation angle from the sun based on the work of WEINBERG (1963)3 
Current analyses favor an interpretation based on a space density of particles ofj 
5 x 1Ö ~ 2' gram • cm ~3 and an electron density of some tens and probably not greato 
than 50 electrons cm"3. The reader interested in such physical interpretations : 
referred to INGHAM (1961), to ELSäSSER (1963) as well as to the paper by WEINBERQ 

already mentioned. Early studies of the physicial nature of the zodiacal dust cloud 
were made by ALLEN (1946) and by VAN DE HüLST (1947). 

,„    Is      30      «       SO      60      TO 
NORTH  ECLIPTIC   LATITUDE  IN DEGREES 

. 8  Some Comments on Extinction and Scattering by Cosmic Dust 

ft. «. zodiacal cloud is sensibly ^S^t^tZSXt 
Ilses whether there may be a "™%oi ™*Zn Zrni that the zodiacal cloud 
fetion of the ecliptic. Looking ^ZT^X^r^omuM-AOKO), 
kntinueswithitsterrestrial d^rtfu]t0t^oS The weakening by 0.0001 is 
If* transmission through such a cloud would be 0.9999. 

Tprobably not detectable. ,,„„,„ finn of extragalactic objects near the 
I The "zone of avoidance" for the observalonrf«^ « & ^^ absortog 

guactic Plane constitutes f"*^^^. in ttte Milky Way and the promi- 
feedium in that plane. The localized^rk ^ ith a dusty type of absorption 
Rent rift of the Milky Way suggest that we are de«<J ^ weakening of 

fcbdeh can be put into quantise te^^^ x 10"cm). 
frtarsinthe vicinity ofthe »dacoc plane of 0.35 «ag.^^ ^ a dJ$taMe 

huchaweakeningcortesponds- = ^«.^corresponds 

Eoi 1 kpc or ß = 1.0 x lu 
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|ft dust density only 0.0067 that of the -diacalcloudburthe opacity Reduced is 
Lficant over galactic distances. The sun is some 8 kpc (2.47 x iu    cm; 
?gtTof our galaxy. The transrmssion of visual light over 8 kpc is down to 0.09 so 
^eisLgwe 4e" the galactic center only very dimly. The: mean weakemng of 
appcoi per kpc (0 = 1-965 x iu 

io*p*nsEca 

I 

i- 
i5—a<    S    «     ■ 
LOSioR   IN   CM 

to    2255     26 

Fi.,10    Graphica.representaüonoftheoccurr.nceofd^tonthecos^sca.c.Seethetcxtforthc 
Hg.iu.   urapmca    v   significanceof the ordinate and abscissa scales. 

:
spectrum of only 0.008 so, by photography, we are really blind so far as the galactic 

rt liefer direction the obscuration is still serious andwe= muchof 
our knowledge of the detailed galactic structure m this region t,th brfhant work 
of the radio astronomers who fortunately are not inhibited m their studies 

I longer radio wavelengths by the interstellar dust. 
The extent of the galactic dust cloud perpendicular to the galacticplaneis re- 

lativ^ "(perhaps 200 to 300 parsecs), thus we are fortunately able to plumb the 
extra-galactic universe out to at least 10" centimeters 

The role of cosmic dust as an absorber gives way in the present discussion to its 

assort* property of scattering. To a first ^^^XtZTZZ 
related. If /is the observed surface brightness, I0 the brightness m the line of sight 

• Tb. Estimated Distance to Object 296 ^J««=f*0tt1*' * ^ ^ 
(3C296) = 10« l.y. = 3.1 x 10« pc > 9.5 X 10« km., log« R - 27.98. 
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on the far side of a dust "cloud", and L1S the flux of light falling on the cloud ft 
all directions, then 

///„ as e-"*N* = e-"
R 

IIL*y{\-e->R) 

where y is the albedo of the particles, r is their radius * and N is their number densit* 
in cm"3. In the case of perfect reflectors (y = 1)** and a uniformly illuminated cloirf 
(/0 = I) we have w 

//4-«-"«l-//£. 

In other words, the extinction of the direct beam is compensated by the scattering 
from the light impinging on the cloud from the sphere surrounding it. A case in poinli 
is the galactic light already discussed which is the scattered light from galactic dual 
whose extinction effects have been well established. 

A contrasting case is that of the zodiacal light due to a dust cloud so tenuous tbw 
its extinction is trivial. The fact that it is easily observed is due to the great intensity! 
of its illuminator, the sun. Even though the total sunlight scattered by the zodiacal! 
cloud is only about 10 6 of the sunlight falling on it this is sufficient to provide the! 
light of the night sky with its principal component. M 

We present in Figure 10 and Table 5 a general representation of dust in thl 
cosmos with particular reference to its extinction and scattering properties. The prindl 
pal diagonal in Figure 10 with a slope of - 1 corresponds to the case of ß = 1/Jj 
where ///„ = 0.368 and 1 - ///„ = 0.632. It thus marks the region where a transf 
mitted pencil of light is significantly weakened and scattering of a general illumination! 
is enhanced. The region to the left of the diagonal is designated "transparent" anil 
that to the right "opaque". There are two ways in which a physical situation mal 
degrade from a transparent to an opaque condition: (a) the density of the dust mal. 
increase pushing the point upward, or (b) the path length may increase moving thef 
point to the right. 

- In the last column of Table 5 is shown the distance required for a given du, 
concentration to result in a decrease of a pencil of light to 1% of its original intensir. 
In three of the four cases listed we note that we are saved from a black prison by tfc 
fact that in each case the extent of the dust is limited to distances such that ß 4 Iß 
In the fourth case, the galactic dust, we are not so fortunate in the plane of the galaxy, 
where ß « \/R but we can escape into intergalactic space via light beams awayf 
from the galactic plane where the flatness of our galaxy results in small extinction! 
effects. J 

* We here assume for simplicity that all the particles have the same radius and that their g«*i 
metrical cross section is equal to their effective cross section. For an authoritative discussion of thef 
role of dust in extinction and scattering the interested reader should consult the book on •LigMf 
Scattering by Small Particles' by H. C. VAN DE HüLST (Wiley, 1957). M 
V T1?ese,ide^zed assumptions are used for general illustrative purposes. It is, of course, not likeW 
that the albedd, in a natural case, will be unity nor will the geometrical cross section be equal to the! 
effective cross section. See VAN DE HüLST (1957). "■ 
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9. The Earthbound Observer and the Night Airglow. The Continuum 

Evidence has grown that there is a component of radiation in the night sky of ter- 
jial origin which cannot be accounted for as due to the discrete emissions shown 

j Figure 2. It has come to be called'a "continuum" though it may be the result of 
flarge number of discrete emissions too faint to be recorded even on long exposure 

rograms. 

Jfig. 11. Variation of observed increase toward the horizon of the brightness of the night sky for a 
{wavelength of 5300 A based on the average results over four nights at Haleakala. The observations 
^dots) can be compared with predicted variations based on assumed percentages of upper atmosphere 

nightglow component from 0% to 100%. 

tOne bit of evidence suggesting the existence of such a nightglow continuum is based 
[on an application of the so-called van Rhijn method. VAN RHLTN (1921) called 
attention to the fact that a uniform emitting layer at a height, A, above the earth's 
ßnrface will result in a systematic increase m intensity toward the horizon for an 
ybserver on the Earth's surface. In the absence of a lower atmosphere the ratio of 
[intensity, /„ at a zenith distance, z, to that at the zenith, I0, is given by 

lzlk = Vt = {Jl- R + h 
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The interposition of the atmosphere between the emitting layer and the obser 
significantly modifies the effect so that the observed ratio V't is always numerically 
smaller than V2. 

In principle it is possible to deduce the height of the emitting layer from systemati 
observations as a function of zenith distance but in practice the accuracy of sucl 
height determinations has been poor due to difficulties associated with (1) the exl 
tinction and scatter of the lower atmosphere, (2) the lack of uniformity of intensity! 
of the emitting layer over the sky and (3) the difficulty of allowing for the contamiJ 
nation* of the observations by the astronomical light passed by the filter. For aä 

TABLE 6 
RELATIVE INTENSITY Vi OF THE SKY AS A FUNCTION OF ZENITH DISTANCE. HALEAKALA. 

•FOUR NIGHTS (1961-1962). FILTER CENTERED AT 5300 A 

v; 

% Zenith Distance Predicted 
upper atmosphere$m 

Z 
Observed 100% upper 

atmosphere 
(h = 100 km) 

100^ astronomical 

(deduced)        ?%m 

0 1.000 1.000 1.000               *aS 
40 1.145 1.263 0.985 -      JH 
60 1.230 1.772 0.953 —         jH 
70 1.341 2.265 0.921 31          is 
75 1.407 2.586 0.885 30          äH 
80 1.439 2.865 0.842 30         *m 

definitive study of these problems the reader is referred to a paper by ROACH, MEGILLJ 

REES and MAROVICH (1958). 
Although the use of the van Rhijn approach in matters of quantitative finesse sucK 

as the deduction of emitting layer heights is not very fruitful, nevertheless the qu 
tative prediction of a systematic increase in intensity toward the horizon for such i 
emitting layer is helpful. As long ago as 1909 YNTEMA (1909) identified what he call« 
Earthlight by such an interpretation of systematic observations of the night sk 
ROACH and MEINEL (1955) have attempted to discriminate between the upper atmo* 
phere and astronomical components and to estimate the percentage contribution oC 
each in a given set of observations. Their method is illustrated in Table 6 and Figure 11| 
In the example we deduce an upper atmosphere component of about 30% of the tot! 

The. predicted values of V'x are based on an assumed extinction coefficient o:y| 
0.142 atm-1 and an assumed scattering coefficient of 0.121 arm"1. In the case of thejj 
100% astronomical calculation it was assumed that the astronomical light (integrate* 
starlight and zodiacal light) was uniformly distributed over the sky. Although this iy 

* To an airglow observer the astronomical light is a contamination. In the context of this paper,' 
the contrary, the airglow may be considered a contamination. 

Lbably a reasonable assumption for the integrated starlight if many observations 
rle used during which the Milky Way will not favor any particular zenith distance, 
ifjs not a good approximation for the zodiacal light which is systematically brighter 
Reward the horizon. Thus the percent of upper atmosphere light deduced in the last 
fcolumn must be considered as an upper limit. _ 

A dramatic indication of the existence of an airglow continuum has been obtained 

f Hg. 12.   A ten-second exposure made by Astronaut Gordon Cooper fr 
IMay 16,1963, showing a luminous nightglow band distinctly above the ear 

HUCH, NEY and COOPER (1964). 

jm an orbiting satellite on 
h's surface. From GnxErr, 

fby the American astronauts. They have all reported that there is an easily visible glow 
fon the night side of the earth appearing as a sort of annulus separated from the solid 
FWrth horizon. Analvsis of the height of the layer places it in the 100 kilometer region. 
[The intensity is too great to be accounted for by the known discrete emissions (in- 
Pcluding the 5577 A line) and is thus ascribable in large part to a general continuum 
LCKOOMEN, GULLEDGE, PACKER and TOUSEY, 1963). Its visibility from a satellite (and 
Ljol from the ground) is due to the favorable circumstances of a long grazing lme of 
Wght through the emitting layer (a 35-fold increase of intensity1) plus the absence of 

lower atmosphere extinction. 



Astronaut Gordon Cooper was especially successful ID observing the night airglo« 
layer both visually and photographically during his May 16,1963, orbiting in satellha 
Ma-9 (Faith 7). In Figure 12 is shown one of his photographs, a ten-second expolu 

showing a night airglow band above the earth, the latter being visible by virtue of tium 

illumination from a quarter moon. Color photographs by Cooper show that the ni^J 

airglow layer appears green in contrast with the bluish cast of the moonlit earth.«! 
An analysis of nine of Cooper's photographs by GILLETT, HUCH, NEY and Coopacf 
(1964) gives as the height of the center of the airglow band above the earth's surface if 
mean of 88 kilometers with extreme values ranging from 75 km to 111 km. 

10. The Nightglow. Atomic and Molecular Emissions 

If the domain of interest is now expanded to include the entire visual spectrum wel 
come to the matter of atomic and molecular emissions originating in the Earth's! 
upper atmosphere. A definitive review of the nightglow should include discussions off 

TABLE 7 
NIGHTGLOW EMISSIONS (LARGELY FROM KRASSOVSKY, SHEFOV AND YARIN, 1962) 

Source Wavelength 
Absolute zenith intensity 

Rayleighs Ergs. cm-\column). »<r*| 

OH 0.38 to 4.5 5000000 3.6                                .J 
Oi(0,1 atm) 8645 A 500 1.1 x 10"'                    t 
HI (Ha) 6563 A 15 4.5 X 10-s                    % 
OI 6300, 6364 A 200 6.2 X 10-4                   | Nal 5890, 5896 A 30 (summer) to 

200 (winter) 
1.0 X 10-4to6.8 x 10-J 

OI 5577 A 250 8.9 X 10-*                   I 
HI (Hfl 4861 A 3 1.2 X lO"5                  M 
OiXHerzberg Bands) 3000 to 4000 A 1500 8.8 X 10"'                  If 
Nt+ 3914 A (40) f 2.0 X 10-'                  aj 
Continuum 4000-7000 A 900 5.0 x 10"'                 M 

(Nightglow) (0.3 R/A Mean) 
Continuum 4000 1.5 X 10-*                  1 

(Astronomical) (1.3 R/A Mean) 

t The presence of N2+ 3914 A as a "nightglow" emission is uncertain. It is a prominent feature ofl 
the aurora. « 
Note. In tables 7 and 8 the "rayleigh" unit of airglow intensity is used. It may be defined as follow 
Tf the surface brightness, B, is measured in units of 10° quanta, cm-a.sec-i.steradian"1 then tng« 

intensity m rayleighs is 4xB" (See HUNTEN, ROACH and CHAMBERLAIN, 1956). In the case of a co*| 
annum the specific intensity in rayleighs per Angstrom (R/A) is useful. At a wavelength of 5300 AJ 

1 R/A = 227 Sio (vis). » 

* "Practical" men have, on occasion, categorized pure research as being concerned with such im3 
practical matters as "why is the grass green?" They may now add to their list of useless investigationsi 
"why is the night sky green?" 

TABLE 8* 
LIST OF OH BANDS IN ORDER OF WAVELENGTH 

Wave- 
length 

air (A) 

Absolute intensity Absolute intensity 
Tran- in rayleighs Wave- Tran- m rayleighs 

i             sition (CHAMBERLAIN and length sition (CHAMBERLAIN and 

)          (v'-v-) SMrra, 1959) air (A) (v'-v') SMITH, 1959) 

3816.6 9-0 
4172.9 8-0 
4418.8 9-1 
4640.6 7-0 
4903.5 8-1 
5201.4 9-2 
5273.3 frtO 
5562.2 7-1 
5886.3 8-2 
6168.6 5-0 
6256.0 9-3 
6496.5 6-1 
6861.7 7-2 
7274.5 8-3 
7521.5 4-0 
7748.3 9-4 
7911.0 5-1 
8341.7 6-2 
8824.1 7-3 
9373.0 8-4 
9V88.0 3-0 

10010 9-5 
10273 4-1 

0.023 
0.12 
0.73 
0.71 
3.8 

11.0 
4.4 
22 
57 
33 
110 
130 
310 
520 
280 
710 
930 
1800 
2800 
3400 
3100 
3600 
7600 

10828 5-2 
11433 6-3 
12115 7-4 
12898 8-5 
13817 9-6 
14336 2-0 
15047 3-1 
15824 4-2 
16682 5-3 
17642 6-4 
18734 7-5 
19997 8-6 
21496 9-7 
28007 1-0 
29369 2-1 
30854 3-2 
32483 4-3 
34294 5-4 
36334 6-5 
38674 7-6 
41409 8-7 
44702 9-8 

12000 
15000 
17000 
16000 
13000 
46000 
74000 
88000 
90000 
82000 
71000 
54000 
37000 
920000 
820000 
640000 
490000 
360000 
260000 
180000 
110000 
65000 

j.* See Note under Table 7. 
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L^ig. 13. Above: Distribution of intensities and wavelengths of the rotation-vibration bands of OH in 
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[hite intensity of the thermal radiation from theloweratmosphereforatemperatureof 275°K,aslit width 
t°f O.l/i, and an emissivity of 0.3. Below: The transmission of the lower atmosphere versus wavelength. 
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such, matters as temporal and spacial changes, emission heights and excitation mechaJ 
nisxns. 1 

Our purpose here is to give a brief description of the photometric nature of the! 
nightglow. We refer the reader interested in a more detailed discussion to review! 
papers* and the authoritative book by J. W. CHAMBERLAIN (1961). In Table 7 we! 
record the principal nightglow emissions as presently known. In Figure 2 they are! 
shown plotted as functions of wavelength and of emission height. 
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Fig. 14.   The variation of the three principal constituents of the light of the night sky with side« 
time for the stations Fritz Peak and Haleakala. 

Historically the emissions OI 5577, OI 6300-64 and Nal 5890-96 came first to thel 
attention of observers. Later the Herzberg bands were identified as important contri«| 
butors in the 3000 A to 4000 A domain. Energetically the most conspicuous knownl 
component of the nightglow is the extensive system of rotation-vibration bands duel 
to the bydroxyl (OH) radical. The hydroxyl bands are listed in Table 8 in order off 
increasing wavelength. The absolute intensities are shown both in the table and in} 
Figure 13. -.I 

Attention is called to the fact that the night airglow shown as a component in thel 
zenith skies of Fritz Peak and Haleakala (Figure 14) is based on,a filter transmitting 

i 

* See for example ROACH (1963). 

f» narrow band near 5300 A. The spectral region was chosen to avoid prominent 
[nightglow emissions (one of the weak hydroxyl bands is however included). The air- 
Fglow transmitted by the filter is largely what we have referred to in the previous 
P section as a "continuum". 

Obviously, if the purpose of art investigation is the study of specific nightglow 
^emission features, filters will be chosen to center on the emission or, alternatively, the 
^investigation may be carried out by spectroscopic means. The spectrographic method 
^ suffers from the fact that, with the spectrographs that have been employed, exposure 
^ times of the order of an hour are needed to bring out the emission features. The 
ifspectrograph slit may include a large slice of the sky (in one design a vertical circle 

from horizon to- horizon). In filter photometry the flux of light on the cathodes of 
^photoelectric detectors used in conjunction with telescopes of modest aperture is 
'" sufficient that an integration over a fraction of a second yields a reliable photo- 
* current. The entire sky can be surveyed in a few minutes so that several complete 
" sky coverages can be made by a filter photometer during a single spectrographic 
exposure and, as a consequence, most of the systematic work on the nightglow has 
been done with photometers. If the isolating filter used in a photoelectric photometer 
could be as narrow as a spectrograph slit an emission feature of the nightglow could 
be reasonably discriminated with respect to the astronomical background (integrated 

' starlight and zodiacal light). The available interference filters are sufficiently narrow 
f that one centered on an emission line such as 5577 A can result in as much as 75% 

'" of the total zenith reading due to the emission and 25% to the background.* 
The general conclusion emerges from this discussion that the photometric observer 

of the light of the night sky is necessarily concerned with all three components in the 
analysis of his data explaining why the present paper which was originally planned as 

\ a discussion of the zodiacal light was expanded into a more ambitious undertaking. 

11. Summary 

[We bring together our general results in two figures. Figure 14 portrays the resolution 
[of the light of the night sky into its three principal components based on a series of 
zenith observations extending over a year at the two stations: Fritz Peak in Colorado, 

' U.S.A., (latitude N 39°.9, longitude W 105°.5) and Haleakala in Hawaii, U.S.A. 
[ (latitude N 20°.7, longitude W 156°.3). The observations are from a current study by 
' ROACH and SMITH (1964a) using photometers centered on wavelength 5300 A. With 
[ respect to sidereal time the airglow continuum is a constant.** The two Milky Way 
"traverses are conspicuous features of the integrated starlight curves. The variation of 
.the zodiacal light is the result of the variable ecliptic latitude of the zenith throughout 

I * A technological advance of great importance to nightglow observers was the development of a 
i Wrefringent filter which discriminates between an emission line and a background conünuum. See 
! DUNN and MANRING (1955); also ROACH, MEGILL, REES, and MAROVICH (1958). 
k.** Local time changes in the airglow may occur but such changes are averaged out with respect to 
i sidereal time. 
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theyear. A refined analysis of the data, not shown in the plot, gives a further variation! 
of fte zodiacal light as a function of X - A0, the differential ecliptic longitude bej 
tween the zenith and the sun. The zodiacal light is the brighter of the three components! 
except when the Milky Way is in the zenith. The zodiacal light tends to be systematiJ 
ca% brighter toward the horizon so that it is definitely the most prominent of thel 
thro for the sky as a whole. 

The interrelationships of the constituents of the light of the night sky are shown! 
from a different point of view in Figure 15 where the ordinate is logarithm of toe'i 

~1 1 ! 1        J 

DAY   SKY ,FULL  MOON 

J a 

~        /   lINFRA-RED) 
SKY   DURING/*"^     J% * 

ECLIPSE ' Ql | 
AURORA ZODIACAL LIGHT 

v's"*h. J"üf»""■" I -^ 5EGEMSCHE1N STARLIGHT 

20     22      24      26 
LOG10R    IN    CM 

Hs-15.   Graphical representation of the brightness of components and features of the day and ofj 
thenight sky with the cosmic occurrence indicated by the distance or extent of each along the abscissa.? 

Note the log-log scales. 

surface brightness and the abscissa is logarithm of the distance or extent. Movingj 
downward in the plot the features of the night sky appear below the line corresponding 
to the end of twilight. The brightness of the nightglow, the zodiacal light and gegen| 
schein, the integrated starlight and galactic light are comparable (on the logaritl 
sale) but one is impressed with the vastly different linear distances in connection witlä 
tie several phenomena. The nightglow is a terrestrial phenomenon having a thickness! 
of about one atmospheric scale height (log R » 7). The zodiacal light is an interl! 
pfanetary phenomenon with a characteristic dimension of one astronomical unitjl 
(log R a 13). The integrated starlight from our galaxy has a characteristic maximuma 
dänensipn of some 30 kpc (log R fa 23). Finally the extra galactic nebulae whichj 
coBectively contribute much less than 1% of the light of the night sky are at distances! 
asmuch as log R « 28. They can be photographed individually in spite of the compe-| 
tition of the sky background and in spite of the hazard of extinction by intervening 
<tet. j 

In the preparation of this report the writer has been impressed with the confluence! 

K>f several circumstances that make possible the observation of the universe in the 
[visible part of the spectrum. Any one of several contingencies might have made such 
[observations impossible. 

Let us consider the matter of contrast. The prime example here is the bright (but 
[beautiful!) day sky which prohibits,serious daytime study of the astronomical sky. 
[There follows, during a diurnal terrestrial rotation the period of twilight which under 
[the best of circumstances lasts a little less than l{ hours but which, during the local 
^summer, in the vicinity of polar regions persists all night. The obliquity of the ecliptic 
'is sufficient to make a stimulating annual sequence of seasons but small enough to 
(keep the twilight period of reasonable duration over a good portion of the earth. 
!■ A hazard narrowly averted is that due to the interplanetary dust cloud leading to 
; the zodiacal light. The concentration of dust is very small indeed (Figure 10) so that 
hin increase by a factor often would be trivial m terms of the constitution of the solar 
^system.* But such an increase would result in a night sky so bright (average zodiacal 
flight 2000 S,0 (vis) instead of 200) that the Milky Way would be difficult to see and 
■the airglow difficult to measure. The aesthetic gain in a rather spectacular zodiacal 
\ light pattern over the sky would hardly compensate for the loss from the absence of 
'the details of our galactic universe. The effect of such an enhanced zodiacal light 
fwould correspond to that experienced in a planetarium when the operator adjusts the 
£ rheostats to bring on dawn and the celestial objects disappear. 

A permanent twilight that would have the same effect would be due to the hydroxyl 
^nightglow if (a) it were concentrated in the visible part of the spectrum rather than in 

kthe near infra red or if (b) the human eyes were sensitive in the near infrared. 
The narrow escape from the cosmic ignorance that would have resulted from a 

^situation in which the observer found himself in a less favorable environment is well 
i illustrated by the "zone of avoidance" of extra galactic nebulae in the vicinity of the 
^Milky Way plane. If our galaxy were not highly flattened so that its extent perpen- 
rdicular to the plane is sufficiently small to permit an observational window outward 
[we would not have been able to photograph the extra-galactic objects and we would 
[have been content with a rather restricted concept of a universe consisting of a single 
Fgalaxy. The same dire result would have occurred if the sun to which our planet is 
rattached were more deeply embedded in the galactic dust near the galactic center. 
[Thus we find compensation for our non-central location. 

There can be little doubt that human ingenuity would in time have overcome any 
for all of the above circumstances as the radio astronomers have done by changing the 
; exploring frequency so as to avoid the difficulties. But this would have taken time, 
['especially in the absence of the stimulation of the knowledge gained by visual and 

photographic observations. It }s likely that the time lag would have been sufficient 
f that the present review could not have been written by the present author. It may be 
fconjectured whether other astronomers on other planets are as fortunate or whether, 
^after all, this is "the best of all possible worlds". 

1 It is of interest to speculate that during the history of the solar system the interplanetary dust 
I concentration may have been significantly greater than at present. 
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PICTURES FROM METEOROLOGICAL SATELLITES 

AND THEIR INTERPRETATION 

SIGMUND FRITZ 
U. S. Weather Bureau, Washington 25, D.C., U.S.A. 

tfeüfe (Received June 11,1964) 

Historical Background 

iWhile their projectile was advancing towards the moon in 1860, Jules VERNE'S (1865) 
[intrepid "lunarnauts" looked back and "saw" cloud systems against the Earth's 
' background. "Some parts brilliantly lighted showed the presence of high mountains, 
^often disappearing behind thick spots, which were never seen on the lunar disc. They 

were rings of clouds placed concentrically round the terrestrial globe." The details 

4 which they "saw" may not have been exactly what we find today. Yet perhaps the 
^"brilliantly lighted high mountains" looked like the snow covered Andes as in 

Figure 1, and one of the "concentric rings" of clouds had its counterpart in the 
clouds of the intertropical convergence zone of Figure-2.* At any rate about hundred 
years were to elapse before the real successors to Verne's travellers actually saw 
the majestic cloud-scape against the terrestrial globe. 

i& At about the same time that Verne, was foreshadowing modern cosmonauts and 
astronauts another Frenchman took pictures of the earth from a balloon {Select 

Committee, 1959). And gradually as technological advances were made, airplanes 
^supplemented balloons, and then rockets supplemented airplanes as platforms from 

i(which photographs could be made. But it was not until large rockets became available 

after World War II that photographs, covering relatively.large areas, were produced. 
lAnd in fact, analyses of the synoptic state of the atmosphere were actually prepared 

^with the aid of rocket pictures on several occasions. (BJERKNES, 1951; HUBERT and 
^BERG, 1955; CONOVER and SADLER, 1960). Since synoptic analysis over wide areas 
_ could be improved with the aid of pictures taken from high altitude rockets, serious 
proposals were advanced advocating the use of the satellite as a meteorological 
observing tool. For example, detailed suggestions were presented by GREENFIELD 

and KELLOGG in 1951 (Library of Congress, 1962), and one of the earliest public 
discussions of the potential use of satellite data was given by WEXLER (1954, 1957). 
Rgure 3, taken from WEXLER'S paper (1957), is an artist's conception of the ap- 
pearance of the Earth when viewed by a satellite from an altitude of 6000 km above 

, the surface. 

;*-  The cloud systems appear bright in reflected sunlight, and many of the cloud 

This figure will be discussed more fully later under the heading 'Tropical Cloud Systems'. 
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